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Silicene, the silicon-based counterpart of graphene, has attracted intensive interest due to its 
unique characteristics and a wide range of promising applications. In this thesis, we 
investigate its growth mechanism, EPC strength, and oxygen adsorption functionality. The 
details are as following: 
1. Epitaxial growth mechanism of silicene layers fabricated on a Ag(111) surface by MBE 
deposition were reported in this chapter. The coverage effect and the structural defects have 
been identified by using STM imaging. It is found that substrate temperature plays a critical 
role in determination of the silicene superstructures. Several types of defects are observed in 
different silicene superstructures, which are most likely induced by the low coverage effect or 
the interface lattice mismatch between silicene and Ag(111). Furthermore, the silicene sheet 
prefers to initially arise at the terrace edge of the substrate. Our results imply that the growth 
mechanism of all silicene superstructures follows the Stranski-Krastanov growth mode. 
2. The special coupling between Dirac fermion and lattice vibrations, in other words, electron 
phonon coupling, in silicene layers on an Ag(111) surface was probed by in-situ Raman 
spectroscopy. The tensile strain, induced by the lattice mismatch between silicene and the 
substrate, and the charge doping from the substrate, modulate EPC strength. The Raman 
spectrum clearly reveals evolution of defect peaks with coverage of silicene layers. The peaks 
at low frequency correspond to the different electron scattering modes occurring at the zigzag 
and armchair edges. This work implies that Raman spectroscopy allows unambiguous, fast, 
and nondestructive identification of silicene layers, which is critically lacking in this 




3. Monolayer silicene grown on Ag(111) surfaces prove a band gap that is tunable by oxygen 
adatoms from semimetallic to semiconducting type. We find that the adsorption 
configurations and amounts of oxygen adatoms on the silicene surface perform as the critical 
factors for band gap engineering, which is determined by different buckling degrees in 
√13×√13, 4×4, and 2√3×2√3 superstructures. The Si-O-Si bonds are the most energy-favored 
species formed on √13×√13, 4×4, and 2√3×2√3 structures under oxidation, which is verified 
by in-situ Raman spectroscopy as well as first-principles calculations. The silicene 
monolayers retain their structures when fully covered by oxygen adatoms. Our work 
demonstrates the feasibility of tuning the band gap of silicene with oxygen adatoms, which, 
in turn, expands the base of available two-dimensional electronic materials for devices with 
properties that is hardly realized with graphene oxide. 
4. Epitaxial silicene shows a strong interaction with the substrate that dramatically affects its 
electronic structure. The role of electronic coupling in the chemical reactivity between the 
silicene and the substrate is still unclear so far. The hybridization between Si and Ag induces 
a metallic surface state, which can gradually decay by oxygen adsorption. XPS results 
manifest the decoupling of Si-Ag bonds as well as the relatively oxygen resistance of Ag(111) 
surface after oxygen treatment. First-principles calculations have also illustrated the evolution 
of the electronic structure of silicene during oxidation. It has been demonstrated 
experimentally and theoretically that the high chemical activity of 4×4 silicene is attributable 
to the Si pz state, while the Ag(111) substrate exhibits relatively inert chemical behaviour. 
5. Silicene is a monolayer allotrope of silicon atoms arranged in a honeycomb structure with 
massless Dirac fermion characteristics, similar to graphene. It ensures development of 
silicon-based multifunctional nanoelectronic and spintronic devices operated at room 




epitaxially grown on conductive substrates. The strong silicene-substrate interaction may 
depress its superior electronic properties. A quasi-free-standing silicene layer that has been 
successfully obtained through oxidization of bilayer silicene on the Ag(111) surface. The 
oxygen atoms intercalate into the underlayer of silicene, which can isolate the top layer of 
silicene from the substrate. In consequence, the top layer of silicene exhibits the signature of 
a 1×1 honeycomb lattice and hosts massless Dirac fermions due to much less interaction with 
the substrate. Furthermore, the oxidized silicon buffer layer is expected to serve as an ideal 
dielectric layer for electric gating in electronic devices. These findings are relevant for the 
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1 CHAPTER 1 
2 INTRODUCTION 
1.1 General background. 
Stable and single-atom thick two dimensional (2D) materials could be exfoliated from van 
der Waals solids, which were demonstrated for the first time by the discovery of graphene [1]. 
These materials possess unique and fascinating properties due to their novel electronic 
structures [2-6]. Since then, graphene has generated enormous interest due to the novel 
physical and chemical phenomena evoked by the dimensional confinement effect. The rapid 
and recent advances in this carbon-based 2D material have raised teasing questions on 
exploring new 2D materials exhibiting a rich spectrum of properties. Among them, hexagonal 
boron nitride (h-BN) with similar structure to graphene is an insulator [7], while monolayer 
MoS2 and WS2 are semiconductors with direct-band-gap [8,9]. The plentiful variety of 
properties in different 2D materials indicates promising potential for device engineering and 
applications in sensing, photonicsn, energy storage, etc. These 2D materials with atomic 
layers have been made to be incorporated into devices to realize exceptional performance. 
Due to the incompatibility with current semiconductor-based electronic techniques, hwoever, 
it is extremely difficult to develop reliable and durable applications. Furthermore, achieving 
single crystals with large size has become the main obstacle to their properties 
characterization and device fabrication. Exploration for new 2D materials is therefore highly 
desirable for potential applications.  
Similar to graphene, silicene is a single atom thick material with the characteristic 









to synthesize silicene. Silicon atoms are not energetically encouraging in terms of 
spontaneously forming silicene, limiting the conventional chemical or physical methods that 
could be used to fabricate silicene. Its exciting and rich physics have been predicted by many 
theoretical calculations [10-12]. For instance, density functional theory (DFT) calculations 
indicate that silicene exhibits the Dirac fermion state in a linear dispersion band structure 
close to the Fermi level [11]. The quantum spin Hall effect (QSHE) was also forecast in 
silicene [13]. The electronic properties of silicene could be modulated by the effects of the 
substrate [14-16], defects [17,18], interlayer coupling [19], and metal interactions [20]. These 
theoretical works have paved the way to the exploration of anisotropic transport behaviour 
and experimentally investigation of three novel properties of silicene [21-31]. Moreover, 
silicene is inherently compatible with current silicon-based chip-production processes, which 
is advantageous in contrast with graphene, so silicene could be a material of the future.  
 
1.2 Literature review and research motivation. 
1.2.1 Two-dimensional structure of silicene. 
Silicene, silicon-based atomically thin 2D sheets was first proposed based on first-principles 
total-energy calculations [32]. Unlike the planar structure of graphene, however, with sp
2
 
hybridization configuration, silicon atoms arrange themselves in the form of low buckled 
structure due to a mixture of sp
2
 hybridization and sp
3
 hybridization. Silicene has been firstly 
fabricated on Ag(111) substrate in 2012 [14]. Rich phases of silicene have been grown on 
various substrates, evoked by the competition between sp
2
 hybridization and sp
3
 
hybridization. These substrates include Ag(111) [2,10,14,28,33,34], Ag(110) [35], Au(110) 




Ag(111) substrate, and this thesis is focused on the films grown on Ag(111) substrate. 
 
Fig. 1.1 STM images and models of H phase silicene and T phase silicene [2].  
4×4 silicene phase is a 4×4 reconstruction (with respect to the Ag(111) substrate) or a 3×3 
reconstruction (with respect to 1×1 silicene) [10]. Large-scale 4×4 silicene films can be easily 
fabricated by maintaining the substrate temperature at around 420 K during deposition. Fig. 
1.1(a) and (b) displays the phase exhibiting honeycomb structures (labelled H) and the other 
phase, which consists of close-packed protrusions (labelled T), respectively. The ratio 
between these two phases could be modulated by the coverage and the deposition 
temperature, where phase T tends to form at a lower Si coverage and lower temperature, but 
will disappear and be replaced by phase H at higher coverage and temperature. Thus, phase T 
is regarded as the precursor of the stable phase H. Based on experimental observation from 
scanning tunnelling microscopy (STM) results and first-principles calculations, a model of a 
low buckled honeycomb structure with missing hexagonal silicon rings at the corners in each 
4×4 unit cell is proposed, as shown in Fig. 1.1(b). Although similar STM results have been 
reported by Lin et al. [20] and Vogt et al. [13], different structure models have been planned, 
where the hole in the STM image is caused by the six Si atoms that are buckled upward. It is 
reported that absorption of hydrogen changes the buckling structure of 4×4 silicene [37]. 
Through detailed discussion on the STM results and theoretical calculations, they proposed a 





Fig. 1.2 (a) A derivative STM imageof 0.9 monolayer (ML) silicon atoms (200×200 nm
2
, Vtip = 1.43 V). (b) 
Enlarged view of STM image in (a), showing the atomic structure of moiré patterns (15×15 nm
2
, Vtip = 
−1.0 V). The period of the honeycomb rings identified by the bright areas is 1.0 nm, while other areas are 
defective and disordered. (c) The density of states (DOS) of this phase shows a peak at 0.3 V and a 
shoulder at 0.9 V. (d) Simulated model of 2√3×2√3 superstructure of silicene. (e,f) Comparative results for 
experimental and calculated STM images. All these figures are from Ref [2]. 
A new phase of silicene defined as 2√3×2√3 silicene emerges (with respect to 1×1 silicene) 
on increasing the substrate temperature to 480 K [2]. This phase usually manifests itself as a 
defective moiré pattern with a period about 3.8 nm, as shown in Fig. 1.2. Figure 2(b) shows 




moiré patterns. Based on the first-principles calculations, a structure model for 2√3×2√3 
silicene is proposed, as shown in Fig. 1.2(d) and (f). The dark parts of the moiré pattern are 
made up of silicon atoms that deviate from the structure of Ag(111). Therefore, the strong 
interaction between silicene and Ag(111) substrate, as demonstrated by the moiré pattern, will 
keep the hexagonal rings stable and intact.  
 
Fig. 1.3 (a), (b) AB model and AB-A model for lattice arrangement, respectively. (c) Simulated energy 
phase transition diagram based on two models. (d) A larger schematic model illuminating the honeycomb 
structure of √3×√3 reconstructed silicene [19]. 
Further increasing the substrate temperature up to 500 K leads to a more stable silicene phase 
defined as √3×√3 silicene. Due to the honeycomb structure, this phase is the most extensively 
investigated phase among all the silicene phases. Meanwhile, it may be the most 
controversial phase. Chen et al. [2,21] proposed a structural model with a unit cell consisting 
of three layers of silicon atoms, as shown in Fig. 1.3. Arafune et al [38] proposed a bilayer 
structure according to the layer thickness, as well as sixfold symmetry of the surface structure. 




surface forming a √3×√3 superstructure, which is similar to √3×√3 silicene, was proposed by 
Shirai et al. based on tensor low energy electron diffraction (LEED) analysis [39]. This scene 
has also been observed in very recent STM works [40,41]. All these results query whether 
√3×√3 silicene is a true layered structure or not.  
Furthermore, there are various superstructures with different buckling patterns and 
periodicity [42]. However, systematic experimental and theoretical studies are still lacking for 
these phases. Even for the three phases discussed above, there are controversies rather than 
unanimous views. Detailed studies on the structure of silicene phases are needed. 
1.2.2 Phonon modes in silicene 
Raman spectroscopy is widely used for structural characterization, phonon dynamics research, 
and electron-phonon coupling (EPC) investigations in 2D Dirac fermion systems [43]. In 
silicene, the long-wavelength optical E2g phonon mode at the Γ point of the Brillouin zone 
(BZ), which corresponds to the relative displacement of nonequivalent neighbouring silicon 
atoms [14], is the phonon mode flagship and of particular interest. Due to the buckled 
structure, any perturbations will be expected to induce direct electronic transitions across the 
Dirac point, that is, E2g phonons couple to low-energy excitations. The vibrational properties 
of silicene were first studied by DFT calculations [44]. By considering the buckling of 
silicene and its preferred energy states, the non-resonance Raman spectra of free-standing 
silicene are reflected by a prime peak (E2g) located at around 570 cm
-1
. The Raman peaks at 
lower frequencies than the E2g peak are attributed to the effects of defects at the edges.  
Although the multilayer silicene films show just a very small top surface oxidation after 24 h 
exposure to ambient air [45], the monolayer silicene is unstable under ambient conditions 




to form an Al2O3 capping layer in an ultra high vacuum (UHV) ambient as a protective layer 
was performed before the ex-situ Raman measurement, resulting in an intact 
Al2O3/silicene/Ag heterostructure [46,47]. Combined with DFT calculation, the Raman 
spectra of different silicene superstructures indicate that the E2g peak is located at around 520 
cm
-1
, which is much smaller than the value for simulated free-standing silicene [44]. 
Furthermore, the Raman spectrum as a function of excitation energy was also investigated to 
probe the resonant behaviour [47]. The results indicate that the monolayer silicene consists of 
a mixture of hybridized sp
2
 structure and sp
3
 structure. The broad shoulder at lower 
wavenumber (450-510 cm
-1
) than that of the silicene signature E2g peak is ascribed to 
buckling-induced vibrational modes in Ref. 47. Nevertheless, this shoulder may be associated 
with the effects of the formation of Si-O bonds. Because the oxygen adsorption energy on a 
Si surface with dangling bonds is low, the monolayer silicene is extremely sensitive to 
oxygen. Therefore, oxidation cannot be ignored in this ex-situ measurement. In-situ Raman 
measurements under UHV are expected to be performed to identify silicene in different 
phases and reveal the details of the phonon modes as well as their relationship to the silicene 
electronic properties.  
1.2.3 Electronic structures in silicene 
Due to the honeycomb structure, silicene is predicted to share similar novel electronic 
properties to graphene [32,48-50], where the electronic π- and π*- bands resulting from the Si 
3pz orbital are dispersed linearly to cross around the Dirac point, and charge carriers behave 
like massless Dirac fermions [20]. Nevertheless, due to the fact that 12 atoms are in pure sp
2
 




 mixed hybridization [14], monolayer silicene shows 
strong interfacial coupling with the substrate. In this case, the electrons are confined by the 




angle resolved photoemission spectroscopy (ARPES) results indicate that no Dirac cones 
could be observed at the K points of the monolayer silicene Brillouin zone, but instead, a 
dominant hybrid surface metallic band is generated by the strong interaction between the 
monolayer silicene and the Ag(111) sp-band [19,52-54]. Therefore, the electronic structure of 
monolayer silicene has been intensively modulated by the substrate, resulting from the robust 
interaction between the monolayer silicene and the Ag(111). 
 
FIG. 1.4 (a) Schematic illustration of Brillouin zones of 1×1 silicene, √3×√3 silicene, and 1×1 Ag(111). (b) 
Linear dispersion of electronic bands at Γ0. (c) Waterfall line profiles of the dispersion displayed in (b) as a 
guide for the eyes [55]. 
Due to the indirect contact with the silver substrate, √3×√3 silicene shows a low buckled 
structure and weak interfacial coupling with the substrate. Thus, the Dirac fermion 
characteristics are expected to be present in the electronic structure of √3×√3 silicene. The 




silicene Brillouin zone as well as the Γ points of √3×√3 silicene Brillouin zone, as shown in 
Fig. 1.4 [55,56]. The Dirac point is below the Fermi surface, which is caused by the electron 
doping from the Ag(111) substrate [57]. The calculated Fermi velocity from the ARPES 




, which is still a little smaller than that of 
graphene [55,58], but high enough for potential silicene-based applications. The linear band 
dispersion is also deduced from the pronounced quasiparticle interferences (QPI) patterns in 
the scanning tunnelling spectroscopy (STS) measurements, demonstrating the existence of 
Dirac fermions in the √3×√3 silicene [19]. 
There are two critical discoveries that could be implied from the investigation of the silicene 
electronic structure by both STS and ARPES measurements. Firstly, the electronic structure 
of single layer silicene is intensively modulated by Si-Ag coupling. Secondly, the Dirac 
fermion characteristics have been observed in √3×√3 silicene due to the weak coupling of Si 
atoms in this superstructure. Since the presence of Dirac fermion properties is crucial for the 
application of 2D materials [59], silicene shows highly promising prospects for potential 
application in innovative devices due to its direct compatibility with silicon micro and nano 
technologies. 
1.2.4 Chemical properties of silicene  
Hydrogenation was found to be a useful chemical method to modulate the electronic 
properties of graphene, such as by opening a band gap [60-62]. In contrast to the graphene 
case, where hydrogen tends to form clusters, hydrogenated silicene exhibits a long-range 
ordered structure. Combined with first principles calculations, the STM results indicate that 
there are seven hydrogen atoms in one (4×4) unit cell, and that the buckling configuration of 





Fig. 1.5 (a) STM image of a hydrogenated silicene-(4×4) surface showing an ordered (4×4) structure. (b) 
Enlargement of the hydrogenated (4×4) phase. The white rhombus marks an apparent unit cell of the 
structure. There are six bright protrusions in one hydrogenated unit cell (HUC) and one protrusion in the 
other HUC. (c) STM image showing a comparison between the positions of the apparent unit cells of clean 
and hydrogenated silicene (4×4). The red and white rhombuses correspond to the clean (4×4) unit cells and 
the hydrogenated (4×4) unit cells, respectively. (d) The clean silicene-(4×4) surface is fully recovered after 
annealing the surface at 450 K [37]. 
Upon exposure to 900 L hydrogen at room temperature, a perfectly ordered structure with the 
same (3×3) periodicity can be observed, as shown in Fig. 1.5(a). There are no changes on 
further increasing the hydrogen dosage, indicating the saturation of hydrogen adsorption. 
Two inequivalent HUCs are identified in the high-resolution image of the hydrogenated 
structure, one with six bright spots while the other has only one bright spot in the middle, as 




the lattice constant of 1×1 silicene. Figure 1.5(c) displays clean 3×3 silicene in the left part of 
the image, whereas the right part is the hydrogenated region. The two sets of (3×3) unit cells 
are shifted along the Si-Si bond direction by the distance of one Si-Si bond length, induced 
by the change in the buckling configuration after hydrogenation. Moreover, dehydrogenation 
occurs and a clean silicene surface is recovered by means of annealing the sample to a 
moderate temperature (about 450 K), as shown in Fig. 1.5(d). Such homogenously ordered, 
reversible hydrogenation is valuable for modifying the electronic properties of silicene [37]. 
1.2.5 Argument on the existence of √3×√3 silicene 
Metal/semiconductor structures are of particular interest in several arenas. The Ag-Si system 
has been intensively studied for several decades due to its fascinating atomic arrangements 
and surface electronic states, as well as the related physical properties. 
 
Fig. 1.6 (a) STM image of √3×√3 silicene (Vbias = −0.6 V, I = 1.0 nA, 8.4×8.4 nm). (b) Model for HCT. (c) 
STM image of the same area as image (a) with different measurement parameter (Vbias = −0.3 V, I = 0.3 
nA). (d) Model for IET [63]. 




investigated prior to the discovery of silicene. The honeycomb-chained-triangle (HCT) model 
and the inequivalent-triangle (IET) model were proposed to identify the atomic structure of 
the Si(111)-(√3×√3)-Ag surface, as shown in Fig. 1.6 (a) and (b), respectively [63,64]. It was 
first believed that the HCT structure observed at higher temperature (higher than 67 K) was 




structures at low temperature, while 
Zhang et al. found that Si(111)-(√3×√3)-Ag with the IET structure can also be observed both 
at room temperature (RT) and LT in STM results [63]. It suggests that the so-called HCT-IET 
phase transition could be caused by the condition of the microscope tip [64].  
 
Fig. 1.7 (Top) Schematic illustrations for growth of Si on Ag(111) and Ag on Si(111). (a) STM topography 
of √3×√3 silicene (scale bar = 50 nm, Vbias= -1.0 V, I = 400 pA) with (b) line profile revealing a 0.31 nm 
step height. (c) Atomic-scale STM topography of the √3×√3 silicene with (d) line profile (scale bar = 1 nm, 
Vbias = 0.3 V, I = 1.0 nA). (e) Atomic-scale STM topography of the √3×√3 phase for Ag on Si(111) with (f) 
line profile (scale bar = 1 nm, Vbias = -1.0 V, I = 100 pA) revealing an indistinguishable lateral atomic 
periodicity compared to the Vbias = -1.0 V phase for Si on Ag(111) shown in part (d). (g) STM topography 




showing identical step heights and similar island shapes to the √3×√3 phase for Si on Ag(111) shown in 
part (a) [40]. 
A recent work by Mannix et al [40] claimed that √3×√3 silicene is structurally and 
electronically identical to the HCT mode on Si(111) substrate. As shown in Fig. 1.7, both 
√3×√3 silicene and √3×√3 Ag are honeycomb structures with a similar lattice constant 
around 0.65 nm and a monolayer around height of 0.31 nm in STM images, raising debate 
about the existence of √3×√3 silicene. On the other hand, clear evidence of the existence of 
multilayer silicene has been reported by a comprehensive x-ray crystallographic study, where 
multilayer silicene is effectively realized upon growth at rather low growth temperatures 
(∼200 °C) [65]. Further work on the atomic structure of silicene, especially the √3×√3 phase, 
are urgently needed to clarify those novel physical and chemical properties explored on 
silicene. 
1.2.6 Research motivation 
Based on the literature review, this thesis is focused on research on (i) the atomic structure of 
silicene to illustrate the existence of silicene; (ii) in-situ Raman measurements to provide 
unambiguous, high-throughput, non-destructive identification of epitaxial silicene; (iii) the 
effects of oxygen adsorption on band-gap engineering of silicene; and (iv) realization of 
quasi-free-standing silicene layer through oxidization of bilayer silicene. 
 
1.3 Outline of Chapters  
Chapter 2 displays the STM technique, covering both the experimental and theoretical details 
that form our basic understanding of the recorded images. A brief introduction to molecular 




Chapter 3 presents the epitaxial growth mechanism of silicene layers deposited on Ag(111) 
surfaces by MBE deposition. Several kinds of defects are identified in different silicene 
superstructures, which are most likely induced by the low coverage effect and the structural 
mismatch between the silicene and the Ag(111) surface. Furthermore, the silicene sheet starts 
to emerge at a terrace edge of the substrate. Our results indicate that the growth mechanism 
of silicene follows the Stranski-Krastanov growth mode for all superstructures.  
Chapter 4 reports on the special coupling between Dirac fermions and lattice vibrations, in 
other words, EPC, in silicene layers on the Ag(111) substrate surface, which was probed by 
in-situ Raman spectroscopy. The tensile strain, induced by the lattice mismatch between the 
silicene and the substrate, and the charge doping from the substrate, modulate the EPC 
strength. The Raman spectrum clearly reveals the evolution of defect peaks with growing 
coverage of silicene layers. The peaks at low frequency correspond to the different electron 
scattering modes occurring at the zigzag and armchair edges. This work implies that Raman 
spectroscopy allows unambiguous, fast, and nondestructive identification of silicene layers, 
which is critically lacking in this emerging research field so far. 
A band gap that is tunable by oxygen adatoms from semimetallic to semiconducting type is 
introduced in Chapter 5. There are two critical factors for the band gap engineering, the 
adsorption configurations and the amounts of oxygen adatoms on the silicene surface, which 
is determined by the different degrees of buckling in different silicene superstructures. By 
using in-situ Raman spectroscopy as well as first-principles calculations, it is found that the 
Si-O-Si bonds are the most energy-favored cases formed on √13×√13, 3×3, and √7×√7 
structures under oxidation. The silicene monolayers could retain their structures, even when 




band-gap modulation with oxygen adatoms, expeanding the base of available 2D electronic 
materials for devices with properties that are hard to achieve with graphene oxide.  
Chapter 6 presents the hybridized electronic structures of epitaxial 3×3 silicene on Ag(111), 
which are characterized by STM and ARPES. A metallic surface state, resulting from the 
hybridization between Si and Ag, can gradually decay due to oxygen adsorption. X-ray 
photoemission spectroscopy confirms this decoupling of Si-Ag bonds, and the relatively high 
oxygen resistance of the Ag(111) surface compared with 3×3 silicene. The results confirmed 
experimentally and theoretically that the high chemical activity of 3×3 silicene is attributable 
to the Si pz state. 
Chapter 7 presents a quasi-free-standing silicene layer that has been successfully obtained 
through oxidization of bilayer silicene on the Ag(111) surface. The oxygen atoms intercalate 
into the underlayer of silicene, which can isolate the top layer of silicene from the substrate. 
In consequence, the top layer of silicene exhibits the signature of a 11 honeycomb lattice 
and hosts massless Dirac fermions due to much less interaction with the substrate. 
Furthermore, the oxidized silicon buffer layer is expected to serve as an ideal dielectric layer 
for electric gating in electronic devices. These findings are relevant for the future design and 
application of silicene-based nanoelectronic and spintronic devices  
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3 CHAPTER 2 
4 EXPERIMENTAL TECHNIQUES 
The research in this thesis was conducted in a system comprising UHV-MBE-STM-Raman 
techniques or UHV-MBE-ARPES techniques. Thus, this chapter will briefly introduce these 
techniques, including: UHV, MBE, STM and STS, Raman, and ARPES spectroscopy. 
2.1 UHV technique 
In order to prevent contamination from molecular impurities, the samples need to be under a 
UHV system. UHV (~10
-10
 Torr) could be obtained by a series of vacuum pumps, which are 
devices that remove gas molecules from a sealed volume by mechanical methods, phisical 
methods, and chemical methods, in order to leave behind a partial vacuum. The most 
frequently-used vacuum pumps are mechanical pumps, turbomolecular pumps, sputter ion 
pumps, and titanium sublimation pumps. The first two types of pumps belong to the gas 
bleeding type, from which high vacuum could be obtained, and the last two pumps are 
classified as reaction of residual gas type, which can realize and maintain the UHV. 
There is a balance between the pumping effect of the pump and the gas leakage/release. Thus, 
the limitation of the pressure is not the limitation of the pump. There are four kinds of source 
for the gas leakage/release: (1) Gas is released from the surfaces of chamber walls or 
accessories. (2) Gas dissolved in the body of the chamber or accessories could be 
redistributed to the surface with increasing temperature. (3) Gas permeates into the chamber 
from the atomsphere due to the pressure difference between the UHV in chamber and the 
ordinary pressure outside the chamber. This permeation will be intensively enhanced when 
the chamber wall is very thin. (4) The vapor pressure of some materials, such as normal metal, 




pressure, however, such as brass, lastics, and nylon, should not be used in UHV chamber. 
Thus, the most frequently-used material for chamber walls is 304 stainless steel with the 
properties of high corrosion resistance, good workability, and low gas permeation. The 
temperature of chamber pariete could be 150 ˚C in the baking process, accelerating the gas 
redistribution and release. 
 
2.2 MBE technique 
MBE is an epitaxy method performed under UHV by heating a source oven to deposit 
individual molecules on the surface of the substrate. The molecules will arrange themselves 
in the epitaxial growth mode, consisting of adsorption, transference, and reaction at the 
surface. The MBE technique is one of the most widely used methods to fabricate 
semiconductor films. In contrast to other epitaxy techniques, the MBE technique is a growth 
process that is essentially unbalanced between the kinetics and the thermodynamics, where 





Fig. 2.1 Schematic diagram of MBE chamber. 
Figure 2.1 displays a schematic diagram of a typical MBE system, including the source oven, 
shutter, beam flux detector, and cooling panel. The introduction of liquid nitrogen (LN2) 
could improve the vacuum and reduce the effect of impurities. 
As one of the most important components of the MBE chamber, the source ovens for a 
commercial MBE system are usually Knudsen Diffusion Cell (K-Cells). Each one is made up 
of a crucible, shutter, heater, heat shield screen, thermocouple, and cooling water. The 
crucible is used to store the materials for growth, and is generally composed of pyrolytic 
boron nitride or Al2O3. The heater for the crucible is tungsten filament. There is a heat shield 
screen made of tantalum film surrounding the crucible, contributing to uniform heating for 
the crucible and less thermal energy loss. The shutter in front of the crucible is used to 




temperature of crucible. Furthermore, a circulating cooling water system is added to the 
K-Cell source oven, decreasing the heat irradiation to the environment and improving the 
UHV. Several source ovens could be installed together in the chamber to realize 
multi-elemental co-deposition. 
A home-made simple source oven could be used for the samples that do not need accurate 
growth control. The material used for such a source oven is tantalum film in the shape of boat. 
The materials used in this kind of source oven contain Ag, Fe, Cu, Cr, etc. The Si source used 
in this thesis is connected directly to the two current electrodes of a home-made simple 
source oven. A leak valve is suitable for materials that are in the form of liquid or gas at room 
temperature, for example, the oxygen used in this work. For the alkalis or alkaline-earth 
metals, such as Cs, K, Na, Rb, and Li, their compound froms are applied in SAES Getters, 
because their elementary substances are easily oxidized. 
Compared with other epitaxial growth methods, the priorities of MBE could be summarized 
as follows: 
(1) The fabricated samples are high purity due to the fact that the process is operated under 
UHV. 
(2) The accuracy of the film can reach the atomic level. The growth rate is around 0.1 
monolayer to 10 monolayers per second, and the thickness can be controlled by the shutters. 
(3) The low substrate temperature is beneficial for the weak diffusion of atoms between the 
substrate and the epitaxial film, leading to the absence of defects caused by high temperature. 
(4) Because the MBE growth is in an unbalanced condition, this method could synthesize the 





2.3 STM technique 
STM was first explored in 1982 by Gerd Binnig and Heinrich Rohrer [1,2]. It is a unique and 
powerful means of investigation in surface science and has become the technique of choice 
for revealing the characteristics of a wide variety of surfaces at the atomic level. The design 
of STM technique on surface science was acknowledged in 1986 when the inventors received 
the Nobel Prize.  
2.3.1 The principle of STM 
The working principle of the STM is rather simple. A sharp metallic tip is brought into close 
proximity to the surface of a conducting sample, so that the wave functions of tip and the 
sample will start to overlap, enabling an exchange of electrons in the classically forbidden 
vacuum gap between the tip and the surface. The typical distance for this quantum 
mechanical tunneling phenomenon is ~5 Å. If a positive bias voltage is applied to the sample, 
electrons will start to tunnel from the filled tip states to the empty sample states or vice versa. 
The net flow of electrons results in a measurable tunnel current, which is in the nanoampere 
range and strongly dependent on the distance between the tip and the sample, due to the 
exponential decay of the electronic wave functions into the vacuum gap. If the tip is attached 
to a scanner tube made of a piezoelectric material, it is possible in practice to control the 
position of the tip in the sub-Ångstrøm range, making the STM capable of creating 





Figure 2.2 Illustration of the principle of STM. 
STM imaging is usually conducted in the so-called constant current mode, in which a 
feedback loop adjusts the distance between the tip and the surface to keep the current 
constant at a preset value while the tip is raster scanned across the surface at a fixed bias 
voltage. When the tip traverses a protrusion, the feedback loop will move the tip away from 
the surface. When the tip has moved across the protrusion, the feedback loop will bring the 
tip closer to the surface. The height position of the tip could be recorded as a function of the 
lateral position of the tip, making a topographic image of the surface. It should be noted that 
the constant current STM images are also affected by the local density of states at the Fermi 
level projected to the position of the tip apex. Therefore, the images in general reflect a 
convolution of the geometric and electronic structure of the surface. The operational principle 
is illustrated in Fig. 2.2. 
2.3.2 Theory of STM 




determining the tunnel current. This is a convoluted task because a complete modeling of the 
tunnel current requires detailed knowledge about the exact geometric and electronic states of 
both the tip and the surface. Thus, a simple one-dimensional model will be introduced to 
explain the tunneling and thus STM imaging. 
 
Fig. 2.3 Schematic diagram of an electron tunnel junction with a width d. A negative bias voltage, Vt, is 
applied to the sample. 𝜙𝑠 and 𝜙𝑡 are the work function of the sample and tip, respectively. 𝜌𝑠 and 𝜌𝑡 
are the densities of states of the sample and tip, respectively. 𝜓𝑛 is the wave function with energy 𝜀𝑛 that 
decays exponentially in the junction. 𝜀𝑣𝑎𝑐 is the vacuum energy, and 𝜀𝐹 is the Fermi energy of the 
sample. 
The vacuum gap can be replaced by a constant potential barrier, U(z), in the region 0 < z < d, 
in a simple one-dimensional model. The Schrödinger equation describing an electron with 












𝜓(𝑧) = 𝜓(0)𝑒−𝜅𝑧                                                         (2.2) 
is the wave function of the electron, and 𝜅 = √2𝑚𝑒(𝑈 − 𝜀)/ℏ is the attenuation constant, 
with 𝑚𝑒 the mass of the electron. The probability w of an electron emerging at the position z 
= d is: 
𝑤 ∝ |𝜓(d)|2 = |𝜓(0)|2𝑒−2𝜅d                                               (2.3) 
This exponential decay in the barrier region is illustrated in Fig. 2.3. The tunnel current is 
directly proportional to the total number of sample states within the energy interval eVt, 
leading to: 
𝐼𝑡 ∝ ∑ |𝜓𝑛(d)|
2𝜀𝐹
𝜀𝑛=𝜀𝐹−𝑒𝑉𝑡
                                                   (2.4) 
If the density of states (DOS) does not vary significantly with the interval, Equation 2.4 could 
be expressed as: 
𝐼𝑡 ∝ 𝑉𝑡𝜌𝑠(𝑧 = d, 𝜀𝐹) = 𝑉𝑡𝜌𝑠(𝑧 = 0, 𝜀𝐹)𝑒
−
2
ℏ√2𝑚𝑒𝜙d                             (2.5) 
Thus, the constant current STM image reflects the contours of the constant local DOS at the 
Fermi level and at the position of the tip.  
2.3.2 Theory of STS 
Another application of the STM is scanning tunnelling spectroscopy (STS). In fact, the 
original idea of building the STM was not to build a microscope, but rather to perform 
spectroscopy locally on an area less than 10 nm in diameter [2]. 




DOS of the tip is constant, so the conductance (I/V) plotted as a function of V reflects the 
LDOS of the surface. According to the perturbation theory suggested by J. Bardeen, the 
tunnel current could be described as: 
𝐼𝑡 ∝ ∫ 𝜌𝑠(𝜀𝐹 − 𝑒𝑉 + 𝜀)
𝑒𝑉
0
𝜌𝑡(𝜀𝐹 + 𝜀)𝑑𝜀                                        (2.6) 
This equation implies that the tunnel current is determined by the integration of DOS of the 
two subsystems. Because the 𝜌𝑡  of metallic tip is generally treated as a constant, 
differentiation of Equation 2.6 gives as: 
𝑑𝐼
𝑑𝑉




 reflects the local density of states of the sample surface. 
 
2.4 In-situ Raman technique 
Our in-situ Raman technique is actually based on part of a tip-enhanced Raman spectroscope 
(TERS) system. For TERS, the light of the laser used in the scattering experiment has to be 
focused onto the tip-sample junction and the scattered light has to be collected and analysed 
by a spectrograph, while for in-situ Raman spectroscopy, we need to focus the laser on the 
surface of the sample. The illuminating laser and the spectrograph are placed outside the 
chamber. The laser beam has thus to be guided into the UHV chamber and the scattered light 
guided out of the chamber to the spectrograph, as shown in the schematic diagram in Fig. 
2.4(a). The laser can be focused by the incident lens, and the optical image can be collected 
through the observation lens. The Raman signal is reflected back and is collected by a 





Figure 2.4 (a) Schematic diagram of the low temperature STM system equipped with a Raman attachment 
that was used in this study. The incident laser is introduced by an incident lens. The laser can be focused by 
the incident lens, and the optical image can be collected through the observation lens (indicated as Obs. 
lens in the diagram). The Raman signal is reflected back and is collected by spectrometer which is attached 
to the incident lens. (b) Actual photograph of the Raman measurement setup in the STM UHV chamber. 
A Nd:YAG laser with 532 nm wavelength and a power of about 25 mW was used as the light 
source, and was positioned outside the chamber on an optical table. The objective lens unit 
was an aspherical lens driven by xyz-axes piezo actuator. The laser defines the starting point 
of the optical path through the whole set-up. The endpoint is a spectrograph located outside 
the UHV chamber, a Raman optical unit (Nanofinder FLEX), an imaging spectrometer, and a 
cooled CCD detector. The polarization of the incident light could be controlled manually by 
waveplate and prism in the Nanofinder FLEX.  
 
2.5 ARPES technique 
The spectral function provided by ARPES [3] is a fundamental quantity in many-body 
physics that provides energy and momentum space information about the occupied and 
unoccupied single-particle states. Thus, ARPES is a useful tool for detecting the electronic 




including two-dimensional graphene. Combined with X-ray photoelectron spectroscopy 
(XPS), ARPES makes use of the photoelectric effect.  
 
Figure 2.5 Schematic diagram of ARPES measurements. 
Figure 2.5 illustrates the layout of the ARPES measurements. The basic principle behind 
ARPES, the energy conservation law, is described by the Einstein equation: 
𝐸𝑘𝑖𝑛 = ℎ𝜐 − 𝐸𝐵 − Φ𝑠𝑎𝑚𝑝𝑙𝑒                                                  (2.8) 
where 𝐸𝑘𝑖𝑛  is the kinetic energy of the emitted electrons above vacuum level, 𝐸𝐵 
corresponds to the electron binding energy difference relative to the Fermi level, and 
Φ𝑠𝑎𝑚𝑝𝑙𝑒 is the work function of the sample. 
In addition to energy conservation, the law of conservation of momentum is also relevant to 
the photoemission process as follows [3]: 
ℏ𝑘𝑖 = ℏ𝑘𝑓 = √2𝑚𝐸𝑓sin𝜃                                                  (2.9) 
Here, 𝑘𝑖 and 𝑘𝑓 refer to the initial and outgoing electros momentum, respectively. Thus, 
combined with the momentum data collected by the ARPES detector, we are able to 




of the solid. For two-dimensional materials such as graphene, we can neglect the momentum 
along the perpendicular direction which simplifies the analysis process [4-6]. By applying 
both momentum and energy conservation, information about the electron initial momentum 
and its energy, as well as the underlying electronic structure could be deduced. 
The typical set-up for photoemission spectroscopy measurements comprises a light beam, an 
electron energy analyser, and a data collection system. High soft X-ray photon energies are 
used in XPS to study core-level excitations (100-2000 eV) and to discriminate the surface 
states from the bulk states. During the measurement, the sample to be analysed is placed in a 
vacuum chamber and irradiated with photons lying in the X-ray energy range. 
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5 CHAPTER 3 
6 EPITAXIAL GROWTH MECHANISM OF SILICENE ON AG(111) 
The epitaxial growth mechanism of silicene layers fabricated on a Ag(111) surface by MBE 
deposition is reported in this chapter. The coverage effect and the structural defects have been 
identified by using STM imaging. It was found that the substrate temperature plays a critical 
role in determination of the silicene superstructures. Several types of defects are observed in 
different silicene superstructures, which are most likely induced by the low coverage effect or 
by interface lattice mismatch between silicene and Ag(111). Furthermore, the silicene sheet 
prefers to initially arise at the terrace edge of the substrate. Our results imply that the growth 
mechanism of all silicene superstructures follows the terraces growth mode mode. 
3.1 Introduction 
Due to their unique nanostructures and electronic states, 2D materials play a crucial role in 
innovative concepts and pioneering applications. Recently, a novel silicon-based 2D material, 
namely, silicene, has attracted extensive interest because it is an ideal candidate material for 
promising applications in electronics, photonics, and other related regions [1-3]. The 
theoretical simulations predict that silicene possesses a similar electronic band structure to 
graphene, in other words, silicene is a new massless Dirac Fermion system [4,5], which has 
been experimentally proved by both STS results and APRES measurements [6,7]. Silicene 
shows a large spin-orbit coupling (SOC), which allows the emergence of a large energy gap 
at the Dirac points and results in a detectable QSHE, as well as inherent compatibility with 
the current semiconductor industry [5-9]. In addition, unlike graphene sheets, the surfaces of 
which are chemically inert, the Si atoms in silicene sheets possess high chemical activity, 
which allows potential modulation of their physical, chemical and electronic properties by 




and the surface coverage play the most crucial roles in the determination of silicene 
superstructures [1], there are few reports on the growth mechanism and the origin of the 
defects in epitaxial silicene, knowledge of which is highly important before fabrication of 
large-scale high-quality silicene nanosheets for applications. 
In this work, we have studied the epitaxial growth mechanism in silicene with different 
superstructures. Single and multiple layered silicene sheets were obtained. Out results imply 
that the silicene sheets preferentially grow from the terrace edges of the Ag(111) silver 
substrate following the SK growth mode. 
 
3.2 Experiments and methods 
All samples used in this work were prepared in the preparation chamber of a low-temperature 
scanning tunneling microscopy system (LT-STM) (SNOM1400, Unisoku Co.). A clean 
Ag(111) substrate was prepared by argon ion sputtering and subsequent annealing at 550ºC 
under Ar atmosphere at the pressure (P) of 5×10
-5
 Torr for 3-5 cycles. The silicene 
monolayers were fabricated by the evaporation of silicon from a heated silicon wafer. The 
deposition flux was 0.08 monolayers per minute (ML/min). The temperature of the Ag(111) 
substrate was 450 K, 500 K, and 550 K for the formation of √13×√13, 4×4, and 2√3×2√3 
phases, respectively. The STM measurements were carried out in UHV (P < 8×10
-11
 torr) at 
room temperature. Before STM measurements, the Pt/Ir tip was calibrated on a silver surface 
on the Si(111) substrate. 
 




Figure 3.1 presents STM images of silicene nanosheets with different phases, namely, 
√13×√13, 4×4, and 2√3×2√3 (with respect to Ag(111)). When the substrate temperature is 
less than 450 K, an amorphous silicon film is detected on the Ag(111) substrate, as shown in 
Fig. 3.1 (a). When the substrate temperature is between 450 K and 520 K, it is found that 
√13×√13 phase with close-packed protrusions and the 4×4 phase always coexists over a large 
area of the silver surface, as shown in Fig. 3.1 (b), indicating the similar formation energies 
of these two phases. Furthermore, the same periodicity of the two phases (~1.16 nm) is also a 
vital factor in the coexistence of the two phases. When the substrate temperature is increased 
above 520 K, the 2√3×2√3 phase forms with traces of 4×4 phase. Pure 2√3×2√3 phase 
silicene could be obtained when the substrate temperature is higher than 550 K. A well spread 
moiré pattern with long-range order over the whole 2√3×2√3 silicene surface is shown in Fig. 
3.1 (c), which is induced by the lattice mismatch between 2√3×2√3 silicene and the Ag(111) 
substrate. The angle between the orientation of the honeycomb structure and the direction of 
the moiré pattern is around 30º, consistent with previous reports [1]. 
 
Fig. 3.1 (a) STM topographic image of amorphous layer (scanning area 16 nm×16 nm, Vbias = 2.0 V, I = 0.1 
nA). (b) STM topographic image of two major phases of silicene, √13×√13 and 4×4, in different domains 
of the sample as labeled. (scanning area 16 nm×16 nm, Vbias = -0.4 V, I = 5 nA). (c) STM images of 
2√3×2√3 phases of silicene (scanning area 16 nm×16 nm, Vbias = -0.8 V, I = 1.5 nA). 




displays an STM image of unordered stripes among the bright atoms. These stripe-like 
defects are caused by grain boundaries between the √13×√13-I and √13×√13-II phases, which 
possess different atomic structures [11]. The topographic triangle defect, labeled by the green 
arrows, is observed in the 4×4 phase in Fig. 3.2 (b). This triangle defect, which only appears 
in the 4×4 phase rather than in the √13×√13 and 2√3×2√3 phases, forms due to the fact that 
the otherwise perfect honeycomb structure has a deficiency of several atoms in the top layer, 
as is verified by the STM images. This is attributed to the particular characteristics of 4×4 
silicene sheet, which has more Si atoms in the top layer and less average binding energy with 
the substrate per silicon atom compared with the √13×√13 phase and 2√3×2√3 phase [11]. 
The high-resolution STM image in Fig. 3.2 (c) displays complete honeycomb rings with a 
periodic lattice in the bright part of the moiré pattern, but rather defective and distorted rings 
in the dark region of the moiré pattern. Such a phenomenon has been attributed to the lattice 
mismatch between the silicene sheet and the silver substrate by DFT simulations [3]. Silicon 
atoms in the bright part of the moiré pattern have a samll deviation from the positions of the 
Ag(111) atoms, resulting in a structure that is stable enough to keep its honeycomb rings. The 
large deviation in the dark part of the moiré pattern gives rise to the an unstable structure and 
eventually breaks the rings. 
 
Fig. 3.2 STM images of (a) √13×√13 phase of silicene with stripe-like defects, as labeled by the green 




phase (scanning area 32 nm×32 nm, Vbias = -0.8 V, I = 0.5 nA), (c) 2√3×2√3 phase of silicene with 
distortion (scanning area 32 nm×32 nm, Vbias = -0.8 V, I = 1.5 nA) on Ag(111). The green arrows in (b) 
label the positions of triangle defects. The inset of (b) shows an enlarged view of the 4×4 phase of silicene. 
The Si coverage needed to be tuned in order to investigate the growth mechanism of 
multi-layer silicene. Topographic images of the amorphous Si and the √13×√13 phase in the 
submonolayer are shown in Fig. 3.3 (a) and 3.3 (b), respectively. Figure 3 displays clearly 
that both amorphous Si and the √13×√13 superstructure are grown from a terrace edge of the 
silver substrate. When the coverage of silicene is more than 1 monolayer (ML), a second 
layer is formed on the top of the first layer silicene in the form of an island. These islands are 
also preferentially to be located on the terrace edges of the silver substrate. The inset of Fig. 
3.3 (c) shows an enlarged view of the second layer. A new superstructure with a smaller 
lattice parameter is observed for the second layer in the nanosheets. A more detailed 
structural analysis will be presented in the Chapter 4. It should be noted that there is no trace 
of continuity between the first layer and the second layer, demonstrating that the second layer 
grows after the first layer film has completely covered the silver substrate. 
 
Fig. 3.3 (a) STM image of amorphous Si film (scanning area 80 nm×80 nm, Vbias = -1.2 V, I = 0.5 nA). (b) 
STM image of √13×√13 phase of silicene (scanning area 80 nm×80 nm, Vbias = -1.0 V, I = 0.5 nA). (c) 
STM image of second layer of silicene (scanning area 80 nm×80 nm, Vbias = -1.2 V, I = 0.1 nA). The inset 




There are three epitaxial modes of thin film growth: the Volmer-Weber (VW) mode, the 
Frank-van der Merwe (FM) mode, and the terraces growth mode. We now introduce several 
thermodynamic parameters, surface energy of the substrate 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒, surface energy of the 
outlayer (epitaxial film) 𝛾𝑜𝑢𝑡𝑙𝑎𝑦𝑒𝑟 , and interface energy 𝛾𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 . ∆𝛾  is defined as: 
∆𝛾 = 𝛾𝑠𝑢𝑏𝑠𝑡𝑟𝑎𝑡𝑒 − 𝛾𝑜𝑢𝑡𝑙𝑎𝑦𝑒𝑟 − 𝛾𝑖𝑛𝑡𝑒𝑟𝑙𝑎𝑦𝑒𝑟 , which determines the growth mode from the 
viewpoint of thermodynamics [12]. As shown in Fig. 3.4 (a), in the VW growth mode, where 
∆𝛾 ≤ 0 and the lattice mismatch is large between the substrate and the epitaxial film, the 
films form in three dimensional adatom clusters or islands and cause rough multi-layer 
structures on the substrate surface, preventing the formation of atomic bonds. For the FM 
growth mode, ∆𝛾 ≥ 0 and the atomic bonds form due to the small lattice mismatch between 
the substrate and the epitaxial film, as shown in Fig. 3.4 (b). In this case, a 2D layer-by-layer 
growth mode leads to complete film formation prior to the growth of subsequent layers. The 
terraces growth mode (Fig. 3.4 (c)) is an intermediate process between 2D layer and 3D 
island growth. In this case, ∆𝛾 ≥ 0 while lattice mismatch between the substrate and the 
epitaxial film is large. Thus, the film will first follow the FW mode, and although the strain 
increases with increasing film thickness. The growth mode changes from the FW mode to the 
VW mode to release the strain when the thickness reaches a critical value, which depends 
strongly on the chemical and physical properties. Based on the observation of both complete 
coverage by the first layer and the fact that amorphous islands and the √13×√13 phase coexist 
in the second layer, it can be concluded that the silicene growth mechanism belongs to the 
terraces growth mode, and that the critical layer for the transition from the 2D mode to the 3D 
model is 1 ML. Furthermore, the lattice parameter of second layer superstructure displays an 





There is another growth method, namely, van der Waals epitaxy, for the growth of 
heterojunctions with large lattice mismatch [13,14]. Due to the fact that the length and 
direction of covalent bonds are hard to change, substrates with covalent dangling bonds on 
the surface are suitable for the deposition of materials with small lattice mismatch. A buffer 
layer could be deposited on the substrate with ionic bonds on the surface to gradually vary the 
lattice parameter. When the substrate is a layered material without dangling bonds, the 
interaction between the substrate and the film is the van der Waals interaction, where the 
strain induced by lattice mismatch could be totally released. This method is the so-called van 
der Waals epitaxy, which has been identified in the growth of graphene [15]. 
 
Fig. 3.4 Cross-sectional views of the three primary modes of thin-film growth including (a) Volmer-Weber 
(VW: island formation), (b) Frank-van der Merwe (FM: layer-by-layer), (c) terraces growth mode. Each 
mode is shown for several different amounts of surface coverage. 
 
3.4 Summary 




growth dynamic mechanisms for silicene. Defects in the √13×√13 phase are evoked by both 
the grain boundaries between different phases and low coverage. Deficiencies of atoms in the 
top layer form the defects in the 4×4 phase, which may be induced by the great number of 
atoms in the top layer and the weak bonds between the top layer atoms and the silver atoms in 
the substrate. The lattice mismatch between the silicene and the substrate induces breakages 
and distortions in the dark part of the moiré pattern in the 2√3×2√3 phase. Our results imply 
that the growth mechanism of silicene is the SK mode, which provides a better understanding 
of the complex thermodynamics and kinetics at the core of silicene formation, and a route 
towards fabricating novel nanostructures for application in the microelectronics industry. 
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7 CHAPTER 4 
8 INVESTIGATION OF ELECTRON-PHONON COUPLING IN EPITAXIAL 
SILICENE BY IN-SITU RAMAN SPECTROSCOPY 
In this chapter, we report on the special coupling between Dirac fermions and lattice 
vibrations, in other words, EPC, in silicene layers on an Ag(111) surface, which was probed 
by in-situ Raman spectroscopy. The tensile strain, induced by the lattice mismatch between 
silicene and the substrate, and the charge doping from the substrate, modulates the EPC 
strength. The Raman spectrum clearly reveals the evolution of defect peaks with increasing 
coverage by silicene layers. The peaks at low frequency correspond to the different electron 
scattering modes occurring at the zigzag and armchair edges. This work implies that Raman 
spectroscopy allows unambiguous, fast, and nondestructive identification of silicene layers, 
which is critically lacking in this emerging research field so far. 
 
4.1 Introduction 
Silicene, the silicon-based counterpart of graphene, has attracted intensive interest due to its 
unique characteristics and wide range of promising applications [1–4]. Theoretical 
simulations [5,6] predicted, as was very recently verified by experimental work [7], that 
silicene possesses a graphene-like electronic structure, in which the charge carriers behave as 
massless Dirac fermions due to the linear electronic dispersion. The strong SOC indicates that 
silicene could display a robust QSHE [8]. The interactions between electrons and quantized 
lattice vibrations, known as EPC, can improve our understanding of many physical 
phenomena in silicene, including transport behavior, Kohn anomalies, and possible 




possesses unique EPC features due to its low-buckled (LB) atomic arrangement, this still 
needs to be clarified by experiments. It has been an experimental challenge, however, to 
research and tune the strength of the EPC in this silicon-based 2D Dirac fermion system due 
to the fact that the first layer of silicene is unstable under ambient atmospheric conditions, 
and in-situ investigations are highly desirable [10]. Raman spectroscopy is a valuable tool 
that can probe the EPC in an atomic layer and the phonon dynamics associated with 2D Dirac 
fermions [11]. In silicene, the long-wavelength optical E2g phonon mode at the Γ point of the 
BZ, corresponding to the relative displacement of nonequivalent neighboring silicon atoms 
[9], is of specific interest. Due to the buckled structure, any perturbations will be expected to 
effectively induce direct electronic transitions across the Dirac point, where E2g phonons 
couple to low-energy excitations. 
In this chapter, we focus on in-situ Raman scattering studies of phonon modes in epitaxial 
silicene with different reconstructions on the Ag(111) surface at low temperatures. We reveal 
that the EPC in silicene can be effectively tuned by strain and doping effects, which is 
demonstrated by the shift of the E2g phonon mode. Although depressed by electron doping, 
the EPC in silicene can be significantly enhanced by tensile strain. In addition, our Raman 
experiments reflect the Dirac fermion characteristics in this unique low-buckled 2D material, 
which is demonstrated by unique phonon modes correlated to electron scattering at the edge 
sites. 
 
4.2 Experiments and methods 
All samples used in this work were fabricated in a preparation chamber supplied with a 




SNOM1400, Unisoku Co.). Clean Ag(111) substrates were prepared by argon ion sputtering 
and annealed at 800 K for several cycles. The silicene monolayers were then grown on the 
Ag(111) surfaces by evaporation of silicon from a heated silicon wafer. In-situ Raman spectra 
were acquired on the silicene samples from the same areas as in the STM measurements. 
Raman laser irradiation (λ = 532 nm) was delivered through a single-mode optical fiber into 
the measurement chamber of the STM-SNOM system. A schematic diagram and product 
image of the in-situ UHV Raman/STM system is shown in Fig. 4.1 (a) and (b), respectively. 
All the measurements were carried out in UHV at 77 K. ARPES characterizations were 
performed at the photoelectron spectroscopy station in the Beijing Synchrotron Radiation 
Facility (BSRF) using a SCIENTA R4000 analyzer. A monochromatized He-I light source 
(21.2 eV) was used for the band dispersion measurements. 
 
Fig 4.1 (a) Schematic illustration of in-situ UHV Raman/STM system setup. (b) Photograph of UHV 




4.3 Results and Discussion 
4.3.1 STM images 
Monolayer silicene with different phases can be obtained by varying the Si coverage and the 
Ag(111) substrate temperature during deposition. A comprehensive study on the growth 
mechanism of silicene on the Ag(111) surface can be found in chapter 3 [12]. Figure 4.2 
displays typical STM images of silicene layers in different phases that were grown on 
Ag(111). Epitaxial silicene shows a mixed √13×√13/4×4 reconstruction with respect to 1×1 
Ag(111) (or 3×3 reconstruction with respect to 1×1 silicene) (lattice constant a = 1.14 nm) in 
the first monolayers (see chapter 3) when the substrate was kept within the the temperature 
range from 450 to 480 K during deposition, as shown in Fig. 4.2 (a). From the second layer, 
only the √3×√3 reconstruction (with respect to 1×1 silicene) with a much smaller lattice 
constant (a = 0.64 nm), consistent with a previous report [13], can be detected [Fig. 4.2 (b)]. 
It should be noted that the value of the √3×√3 silicene unit cell is obviously smaller than that 
of the √3×√3 Ag/Si(111) (∼0.69 nm) [14], confirming the formation of silicene superstructure 
rather than the presence of √3×√3 Ag and Si(111). Due to the fact that √3×√3 multilayer 
silicene can be fabricated on a 4×4 silicene layer, as demonstrated in previous work [11,15], 
and on a √13×√13 silicene layer, as shown in this work, both 4×4 and √13×√13 silicene could 
be treated as the buffer silicene layer for the formation of √3×√3 silicene. By carefully 
keeping the substrate temperature at 550 K during deposition [7],√3×√3 monolayer silicene, 
which is treated as a second or subsequent layer in other reports [10–12,15], can be also 






Fig. 4.2 STM images of silicene layers in different phases: (a) mixed √13×√13/4×4, (b) √3×√3 silicene 
grown on a√13×√13/4×4 buffer layer, (c) √3×√3 silicene grown on an Ag(111) substrate (30 nm × 30 nm, 
Vbias = −1.0 V, I = 1 nA), and (d) enlarged view of √3×√3 silicene. The rhombus marks the unit cell of 
√3×√3 silicene, which is used to calculate the lattice parameter of√3×√3 silicene (5 nm × 5 nm, Vbias = 
0.5V, I = 4nA). 
4.3.2 Raman results and electronic structure of silicene 
A typical Raman spectrum of the √13×√13/4×4 layer is shown in Fig. 4.3 (a). The first-order 
asymmetric peak located at 530 cm
−1
 can be attributed to the zone-center E2g vibrational 
mode [16,17]. The shoulder peak from 495 to 508 cm
−1
 is evoked by the quantum 
confinement effect, which is a common feature for silicon substance in morphologies with 
small dimensions, such as microcrystalline silicon [18] and silicon nanowires [19]. Because 




the peak at 230 cm
−1
 is assigned to the “D” peak. Figure 4.3 (b) displays the Raman spectra 
for √3×√3 silicene with different coverage grown on the √13×√13/4×4 layer. The thickness of 
this superstructure is 0.32 nm, the same as that in previous reports [20]. The extent of second 
layer (SL) coverage by the √3×√3 silicene layer is listed. Based on the fact that the √3×√3 
silicene is heaped upon the √13×√13/4×4 layer in a three-dimensional island mode [10–
12,15,20,21], 1 SL should actually correspond to a √3×√3 silicene sample with multilayer 
thickness. A much stronger E2g mode in √3×√3 silicene was observed at 530 cm
−1
 than from 
the √13×√13/4×4 layer. Five Raman peaks at lower frequency from 200 to 500 cm
−1
 (marked 
as D1–D5) were detected in the samples with low coverage. These peaks vanished when the 
coverage was more than 1 SL. The same features were also observed in Raman spectra of a 
√3×√3 silicene monolayer grown on Ag(111) without the √13×√13/4×4 layer [Fig. 4.3 (c)], 
implying that the low-frequency Raman modes were not the result of interlayer interactions 
between different silicene layers. ARPES measurements on epitaxial √3×√3 silicene show a 
Dirac point located at an energy ∼ 0.33 eV below the Fermi level, consistent with previous 
work [15,21], as shown in Fig. 4.4 (c). This energy shift is not large enough to block the 
excitation of electrons by photons with energy up to 2.3 eV (532 nm). Here, √13×√13/4×4 
silicene, however, hybridizes strongly with the Ag(111) surface atoms, forming a hybridized 
metallic surface state [22]. These different electronic structures of the silicene layers on 
Ag(111) surfaces indeed reveal the fact that the interactions between Si and Ag are stronger in 
√3×√3/4×4 silicene, but very weak in √3×√3 silicene. Thus, the Raman signal is depressed in 
√13×√13/4×4 silicene. There is doubt as to whether the observed 2D silicon layers are true 
silicene or just reconstructions of the Si(111) surface. Based on this point, we carried out 
Raman measurements on the Si(111) surface, as shown in Fig. 4.3 (a). A clear first-order 
Raman peak (E2g mode) is located at 520 cm
−1
, which is lower by a value of 10 cm
−1
 than that 
of the silicene E2g peak (530 cm
−1
). Two broad Raman peaks at 300 cm
−1






assigned to the 2TA (transverse acoustic) and 2TO (transverse optical) modes in Si(111), 
which are both absent from the Raman spectra of silicene. In addition, no Raman signal of 
Ag(111) could be detected resulting from Rayleigh scattering. Hence, the E2g and D Raman 
peaks of the silicene layers reflect distinct phonon modes that are different from these in 
Si(111), conforming the formation of the epitaxial silicene layers on the Ag(111) surface. 
 
FIG. 4.3  (a) Raman spectra of the Ag(111) substrate, Si(111), and a √13×√13/4×4 buffer layer. (b) Raman 
spectra of √3×√3 silicene grown on √13×√13/4×4 buffer layers with different coverage. SL denotes the 
extent of coverage of the √3×√3 silicene layer. (c) Raman spectra of a √3×√3 silicene layer (coverage of 
0.3 ML) grown on an Ag(111) surface and on a √13×√13/4×4 buffer layer, respectively. 
Figure 4.4 (a) displays an enlarged view of the E2g peaks for √3×√3 superstructures with 
different coverage. The E2g mode frequency (570 cm
−1
) of free-standing (FS) silicene [23] is 
marked as a reference. The actual positions of the E2g peaks can be obtained by a 
Gaussian-Lorentz peak fitting, as shown in Fig. 4.4 (b). It can be seen that the position of the 
E2g peak (530 cm
−1
) was decreased to a lower wavenumber in epitaxial silicene, which is the 
same as in previous reports, where it was measured by an ex-situ method [10,13]. It should be 
noted that the E2g mode in 2D materials can be modulated by strain [24–29]. The in-plane 
Si-Si distance din can be calculated from the distance a between the centers of two 




Å [1,4]. Considering the vertical buckling distance dB ∼ 0.8 Å, the actual Si-Si bond length of 
the epitaxial √3×√3 silicene is around 2.35 Å. Tensile strain should be present in the √3×√3 
silicene layers, as can be seen by comparing the smaller Si-Si bond length of 2.24 Å in FS 
silicene. The frequency shift of the E2g mode in strained silicene can be described as [26,27] 
∆𝜔 = 𝜔𝑠𝑡𝑟𝑎𝑖𝑛 − 𝜔0 = −
𝑛𝑣𝜔0(𝑎𝑠𝑡𝑟𝑎𝑖𝑛−𝑎0)
𝑎0
= 𝑏𝜀,                                  (4.1) 
where 𝜔𝑠𝑡𝑟𝑎𝑖𝑛 and 𝜔0 are the frequencies of the E2g mode in strained and FS silicene, 
respectively, n is the dimensionality of the material, 𝑣 is the Grüneisen constant, 𝑏 is the 
strain-shift coefficient, and 𝑎𝑠𝑡𝑟𝑎𝑖𝑛 and 𝑎0 are the in-plane lattice parameters of the strained 
and FS silicene layers, respectively. The in-plane strain, ε = (astrain – a0)/a0 = Δa/a0, is around 
0.05, which was obtained from the Si-Si bond lengths for both the strained and FS silicene. 
The detailed structural parameters are listed in Table 4.1. The frequency of the E2g mode in 
silicene is downshifted to 520 cm
−1
 by taking the coefficient 𝑏 = -832 cm−1 [27,30,31], 
which is smaller than that in our Raman spectra (530 cm
−1
) but comparable to the E2g mode 
frequency of Si(111). Therefore, there must be another issue affecting E2g phonon frequency. 
TABLE 4.1 Detailed structural parameters of free-standing (FS) silicene and low-buckled (LB) silicene: 
range of Si-Si bond lengths for experimental results (𝑑Si−Si
exp
) and calculation results (𝑑Si−Si
cal ), the average 
Si-Si bond length (𝑑𝑎) used for the calculation of in-plane strain (𝜀 = 𝑑𝑎(LB) − 𝑑𝑎(FS)/𝑑𝑎(FS)) of LB 




𝐜𝐚𝐥  𝒅𝒂 𝜺 E2g peak 
FS N/a 2.24 Å [9,28] 2.24 Å 0 570 cm
-1
 [9] 








Fig. 4.4 (a) Enlarged view of the Raman spectrum of the E2g peak for samples with different coverage and 
with the frequency ranging from 500 to 600 cm
−1
. The E2g mode frequency (570 cm
−1
) of free-standing (FS) 
silicene is marked as a reference [9]. (b) The fitting results on the E2g peak for 0.3 and 0.8 SL samples. The 
dashed lines are used to mark the position of the E2g mode. (c) ARPES results for an epitaxial √3×√3 
silicene layer. The left side shows that two faint linear dispersed bands cross at the BZ center Γ point. The 
right side displays constant-energy cuts of the spectral function at different energy levels, implying Dirac 
cone structure origin of both bands, which can be assigned to linear π and π∗ states of √3×√3 silicene. The 
Dirac point is located at around 0.33 eV below the Fermi level, indicating that the electron-doping effect is 
attributed to the silver substrate. (d) The frequency of E2g mode as a function of sample coverage. Both (d) 
and the inset of (d) figures are drawn to illustrate the strain and doping effects on the E2g peak position in 
√3×√3 silicene, where the strain effect softens the frequency, while charge doping upshifts the E2g mode. 
In fact, electron or hole doping in silicene could induce a hardening of the mode frequency in 




doping effect. The ARPES results verify that the Dirac point of √3×√3 silicene grown on 
Ag(111) is located at ∼0.33 eV below the Fermi surface due to electron doping from the 
silver substrate, as shown in Fig. 4.4 (c). The E2g vibration at the zone center (Γ point) 
couples with Dirac fermions at the zone boundary (K points), which is allowed by silicene 
lattice symmetry. The carriers residing in the honeycomb lattice mutually interact with the E2g 
mode through dynamical perturbations due to the creation and annihilation of virtual 
long-wavelength electron-hole pairs across the gapless Dirac point. The energy range of the 
virtual electron-hole pairs allowed by the Pauli principle is decided by the level of the Fermi 
energy (EF). The E2g mode in silicene is hardened due to the raising of the EF of silicene by 
electron doping. The upshift in the value of E2g frequency is about 10 cm
−1
, consisting well 
with previous simulation results [9]. Figure 4.4 (d) is a schematic diagram of both strain and 
doping effects on the position of the E2g Raman peak in √3×√3 phase. 
It should be noted that the EPC strength depends principally on the phonon frequencies in 2D 
materials [32,33]. The EPC can be generally characterized by a dimensionless parameter 
𝛾 = 𝑁𝐹𝑉𝑒𝑝 , where 𝑁𝐹  is the electron density of states (DOS) and 𝑉𝑒𝑝  is the mean 
electron-phonon coupling potential at the Fermi level [33]. The value of 𝛾 is proportional to 
𝜔−2 (𝛾 ~ 𝜔−2) [32,33]. This relationship results from the zero-point oscillation amplitude 
induced by large deformation and the energy reconstruction in the perturbation theory. Both 
of the two factors correspond exactly to the strain effect that is present in 2D materials. Thus, 
the value of 𝜔 reflects the EPC strength. According to the E2g peak shift value from 570 
cm
−1
 (FS) to 520 cm
−1
 (strained silicene), the enhancement of the EPC strength in silicene 
could be up to 20%. The enhancement of the EPC is of particular interest because its strength 
gives rise to superconductivity in Bardeen-Cooper-Schrieffer (BCS) superconductors. The 
enhanced EPC strength in silicene may support recent observations on the existence of a 




In graphene, the armchair and zigzag edges induce two Raman-active 𝐷 and 𝐷′ modes 
resulting from the intervalley and intravalley scattering of quasiparticles in Dirac cones, 
respectively [35–37]. As a similar Dirac fermion system, silicene should also possess such 
features in Raman spectroscopy, as shown in the inset of Fig. 4.5 (a). In our results, five 
distinct Raman peaks in the low wave-number range (220–470 cm
−1
) were observed in the 
samples with coverage of less than 1 SL, as shown in Fig. 4.3 (b).  
 
Fig. 4.5 (a) Fitted Raman spectra of √3×√3 silicene layers with coverage of 0.3 SL in the frequency range 
of 220–470 cm
−1
, in which the Raman peaks due to edges are marked as D1–D5. (b) STM image of two 
typical arrangements of the edges: armchair/zigzag and armchair/armchair, resulting in two edge angles of 
150° and 120°, respectively. (c), (d) Atomic structures of armchair and zigzag edges. Only the armchair 




Figure 4.6 shows fitted Raman peaks of silicene layers with different coverage. The fitted 





, and 531 cm
-1





. Besides the E2g peak and a peak due to the quantum confinement effect at 505 cm
-1
, 
the broad peak at 468 cm
-1
 is assigned to the 2D peak, due to the emergence of the D peak at 
230 cm
-1
 [see Fig. 4.2 (a)], similar to the ex-situ Raman results [28]. The D peak and 2D peak 
are contributed by the first and the second order zone-boundary phonons that are activated by 
defects [38], e.g. the domain boundaries observed in STM. The intensities of the D and 2D 
peaks are weakened by increasing coverage of the second √3×√3 silicene layer and 
eventually become negligible in the 0.5 SL sample, which indicates their origins in the buffer 
layer instead of the top √3×√3 layer, as shown in Fig. 4.6 (c). The Raman peak due to 
quantum confinement can be observed at low frequency for all the samples, which further 
confirms the nanosized silicene domains observed by STM. In 0.1 SL √3×√3 silicene grown 
on the buffer layer, four peaks ranging from 480 cm
-1
 to 550 cm
-1
 can be fitted that are 
attributed to the 4×4/√13×√13 buffer layer and the second √3×√3 layer with low coverage, as 
shown in Fig. 4.6 (d). The other two peaks are due to the E2g mode and the low-frequency tail 
induced by the quantum confinement effect for √3×√3 silicene. The E2g mode of the 







2g peak becomes negligible when the coverage of the second layer is more than 0.3 SL, 
as shown in Fig. 4.6 (d). These results suggest that √3×√3 silicene shows much higher peak 
intensity than the 4×4/√13×√13 phase. Figure 4.6 (b) shows the normalized intensity of the 
D1 to D5 peaks as a function of √3×√3 silicene coverage. The ratio of peak intensities remains 
almost the same in √3×√3 silicene layers with different coverage, indicating that all these 
peaks have the same origin. The intensities of these five peaks increase with increasing 




eventually become negligible in the sample with coverage higher than 0.8 SL. We propose 
that these peaks are induced by the edge defects in silicene. In √3×√3 silicene samples, the 
ratio of the edges compared to the sample area first increases with increasing silicene domain 
size. After reaching a critical coverage, the ratio of edge components decreases, leading to the 
lower peak intensity [37-39]. 
 





. Experimental data, fitted Raman peaks, and fitted Raman spectrum are in black, purple, and red, 
respectively. (b) The intensities of edge Raman peaks show a strict dependence on silicene coverage. (c) 
Fitted Raman spectra of √3×√3 phase samples with coverage from 0.1 to 0.5 SL grown on 4×4/√13×√13 
buffer layers in the frequency range of 380 cm
-1
 to 480 cm
-1
. Experimental data, fitted Raman peaks, and 




phase samples for coverage from 0.1 to 0.5 SL grown on 4×4/√13×√13 buffer layers in the frequency range 
of 460 cm
-1
 to 560 cm
-1
. Experimental data, fitted Raman peaks, and fitted Raman spectra are in black, 




2g represent the double-resonance E2g peak for the 
4×4/√13×√13 and √3×√3 silicene layers, respectively. 
 
Fig. 4.7 Three kinds of possible edges existing in √3×√3 silicene. The red and blue balls represent the 
up-buckled and down-buckled Si atoms, respectively. 
Since the intensities of these peaks can be scaled well with each other and show a strong 
dependence on the coverage, the peaks are most likely associated with the effects of edges. 
There are two types of edges for materials with a honeycomb structure, armchair edges and 
zigzag edges. Due to the low buckled structure of silicene, it is hard to image the atomic 
arrangements at the edge positions by STM measurements. Two different angles, 150˚ for ZA 
and 120˚ for AA, are shown in Fig. 4.5 (b), which helps to distinguish the two types of edges. 
Due to the low-buckled structure of silicene, the structure symmetry is further reduced in 
contrast to planar graphene. For example, two zigzag edge structures could possibly exist in 
√3×√3 silicene layers, as shown in Fig. 4.7. One only consists of up-buckled atoms and the 
other one only consists of down-buckled atoms. Consequently, more vibrational modes 




consisting well with the emergence of the D1–D5 peaks in our results. The edge-induced 
Raman peaks reflect the unique buckled characteristic of silicene. Tip-enhanced Raman 
spectroscopy is likely to advance insights into the edge effects on phonon modes in this 
low-buckled 2D material. 
 
4.4 Summary 
In summary, silicene layers with different structures and coverage have been fabricated and 
identified by in-situ UHV Raman spectroscopy and STM. The intrinsic phonon modes for 
different silicene structures are identified. We found that the EPC strength in silicene could be 
significantly enhanced due to the lattice mismatch between the silicene layers and the 
substrate. The Raman spectroscopy results demonstrate the effects of coverage, strain, charge 
doping, and defects on silicene’s phonon modes, and allows unambiguous, high-throughput, 
nondestructive identification of epitaxial silicene. 
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9 CHAPTER 5 
10 TUNING THE BAND GAP IN SILICENE BY OXIDATION 
In this chapter, we report that monolayer silicene grown on Ag(111) surfaces features a band 
gap that is tunable by oxygen adatoms from semimetallic to semiconducting type. We find 
that the adsorption configurations and amounts of oxygen adatoms on the silicene surface are 
the critical factors for band gap engineering, which is determined by the different buckling 
degrees in √13×√13, 4×4, and 2√3×2√3 superstructures. The Si-O-Si bonds are the most 
energy-favored species formed on √13×√13, 4×4, and 2√3×2√3 structures under oxidation, 
which is verified by in-situ Raman spectroscopy as well as first-principles calculations. The 
silicene monolayers retain their structures when fully covered by oxygen adatoms. Our work 
demonstrates the feasibility of tuning the band gap of silicene with oxygen adatoms, which, 
in turn, expands the base of available two-dimensional electronic materials for devices with 
properties that cannot be realized with graphene oxide. 
 
5.1 Introduction 
As a new allotrope of silicon in a two-dimensional honeycomb structure, silicene has 
attracted intensive research interest due to its novel physical and chemical properties [1-10]. 
Theoretically, the prediction of strong spin-orbit coupling in silicene allows a spin-orbit band 
gap of 1.55 meV at the Dirac point and induces a detectable QSHE [9-13]. The electronic π- 
and π
*
-bands resulting from the Si pz orbital disperse linearly to cross at the Fermi level (EF), 
leading to massless Dirac fermion characteristic electrons [12,13]. Thus, electrons in silicene 
possess a large Fermi velocity, which has been recently verified by observation of 




scalability and compatibility with current silicon-based nanotechnology have made silicene a 
fascinating candidate for the design of novel electronic components and interconnects on the 
nanometer scale [14]. 
Despite its notable properties, the intrinsic zero band gap property of silicene hinders its 
applications in electronic devices which require controllable conductivities through logic 
gates. Therefore, a tunable band gap in silicene would be highly desirable. Conventionally, 
chemical doping, selective functionalization, and the introduction of defects have been 
adopted to modulate band structures in 2D zero-gap materials. In graphene, these approaches 
can only be performed at edges or surface defects, however, due to the inertness of sp
2
 
hybridized carbon atoms, while those carbon atoms that are located at the edges or at defects 
are more reactive, hindering the functionality of graphene [15]. In contrast, silicon atoms 
prefer to adopt sp
3
 hybridization over sp
2
 in silicene, leading to high chemical activity on the 
surface and allowing tunability of the electronic states by chemical functionalization [16,17]. 
Due to its capability of breaking the symmetry, oxygen is one of the feasible species for 
chemical functionalization, such as with the energy gap opening at EF in 2D materials [15]. 
Therefore, controllable oxidation could be expected to modulate electronic states in silicene. 
It provides an opportunity for realizing various electronic structures in silicene, offering the 
possibility of exploring silicene-based electronic devices, such as in gate oxides. Furthermore, 
oxidation of silicene layers is expected to be one of the major steps toward effective 
introduction of oxygenated functional groups into the Si network. Nevertheless, the high 
chemical reactivity of silicene prevents controllable oxidation by conventional chemical 
routes, such as the solvent casting method, thus hindering progress in such research. 
In this work, we report a study of band gap tuning in different silicene buckling structures by 




connection between buckled silicene structures and oxygen adatoms is found by the aid of 
DFT calculations. We show that the detailed bonding configurations of oxygen adatoms on 
the silicene surface are determined by the buckling structures. The oxygen adatoms can 
effectively tune the band gap, causing the gap opening. Silicene possibly keeps its 
honeycomb structure even after the surface is fully covered by oxygen adatoms. Importantly, 
the surface of silicene shows much higher chemical reactivity than that of the edge, 
distinguishing it from the case of graphene [15]. 
 
5.2 Experiments and methods 
5.2.1 Sample preparation 
All samples used in this work were synthesized in-situ in the preparation chamber of a 
low-temperature UHV scanning tunneling microscopy/scanning near-field optical microscopy 
system (LT-STM-SNOM) (SNOM1400, Unisoku Co.). A clean Ag(111) substrate was 
prepared by argon ion sputtering and subsequent annealing at 800 K for several cycles. The 
silicene monolayers were deposited by the evaporation of a heated silicon wafer. The 
deposition flux was around 0.08 monolayers per minute (ML/min). The temperature of the 
Ag(111) substrate was 450 K, 500 K, and 550 K for the formation of √13×√13, 4×4, and 
2√3×2√3 superstructures, respectively. Silicene oxide samples were fabricated by in-situ 
oxidation of silicene monolayers with a varying O2 dose. The Langmuir (L) is used as the 
unit of exposure of O2, i.e., 1 L is an exposure of 10
-6
 Torr O2 in 1 s. The STM combined with 
Raman spectroscopy measurements was carried out in UHV (< 8×10
-11
 torr) at 77 K with 
Pt/Ir tips. In order to achieve maximum quality images and the best dI/dV signal, the tips 




re-crystallization of tip apex. Then, the tips were further sharpened and calibrated on a clean 
Ag(111) surface. STM topographic images were obtained under constant current mode with 
an active distance feedback loop. In-situ Raman spectra were collected for silicene and 
silicene oxides with a laser wavelength of 532 nm
-1
.The laser was focused on the sample by 
an incident lens driven by a piezo motor. Before each experiment, the Raman system was 
calibrated on a Si(111) standard sample. Extreme care was taken in order to avoid any sample 
damage or laser induced heating during Raman measurements. Such conditions were 
successfully achieved, which is evidenced by the fact that the surface structures of samples 
were not changed before, during, or after the Raman measurements. The incident power 
during Raman measurements was varied between ~5 mW and ~0.5 mW. No significant 
spectral change, expect for the Raman signal intensity, was observed in this range. 
5.2.2 Characterization 
The STM and Raman spectroscopy measurements were carried out in UHV at 77 K. STS 
differential conductance (dI/dV) (where I is current and V is voltage) measurements were 
carried out with lock-in detection by applying a modulation of 20 mV to the tunnel voltage at 
the frequency of 973 Hz. The differential conductance maps were obtained by recording an 
STS spectrum at each spatial pixel during STM topographic measurements. Before the STS 
measurements, the Pt/Ir tip was first calibrated on a silver surface. The Raman spectra were 
acquired using a laser excitation of 532 nm (2.33 eV) delivered through a single-mode optical 
fiber. 
5.2.3 DFT calculation 
Ab initio calculations were performed using DFT and the plane wave basis, as realized in the 




characterized by projector augmented wave (PAW) potentials [19]. The generalized gradient 
approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) functional was adopted to 
define the exchange-correlation interaction [20]. A kinetic energy cutoff of 400 eV for the 
plane-wave basis and a convergence criterion of 10
-4
 eV for the total energies were carefully 
tested and adopted in all calculations. The configurations for the superstructures of silicene 
on the Ag(111) surface were results from a previous simulation by Gao and Zhao [4]. 
 
5.3 Results and discussion 
5.3.1 Oxidation sites on silicene in different phases 
There are different reconstructions of epitaxial monolayer silicene on the Ag(111) surface, 
which could be controlled by the substrate temperature during deposition. Figure 5.1 shows 
single-layer silicene in three typical structures, namely, √13×√13, 4×4, and 2√3×2√3 (with 
respect to Ag(111)) grown on Ag(111) surfaces at different substrate temperatures. Due to the 
similar formation energies, √13×√13 and 4×4 superstructures always coexist with each other 
when the substrate temperature is located between 450 and 520 K during deposition, as 
shown in Fig. 5.1 (a). When the substrate temperature is as high as 550 K, the pure 2√3×2√3 
silicene structure could be obtained (Figure 5.1 (b)). High-resolution STM images for each 
structure are displayed in Figure 5.1 (c-e). All silicene structures show distinctive buckled 
forms. The topmost Si atoms in a buckled structure are defined as the “top-layer” (TL) and 
the other atomic layers with low height levels are defined as “bottom-layer” (BL). Unlike the 
sp
2
 hybridization for carbon in graphene, silicon atoms exhibit the energetically favored sp
3
 
hybridization [21], which is responsible for these low-buckled structures [22]. On the Ag(111) 




between the silicene superstructures and the substrate, as shown in Fig. 5.1 (f). The metal 
passivation effect induced by the Ag(111) surface also affects the buckling of silicene on the 
BL Si side due to the hybridization between the pz electrons of BL Si atoms and the 4d 
electrons of Ag(111). Therefore, the value of buckling varies from 0.86 Å for the 4×4 phase 
to 1.40 Å for the √13×√13 superstructure [23].  
 
Fig. 5.1 Topographic images of silicene monolayers grown on Ag(111): (a) STM topographic image of two 
major coexisting phases of silicene, √13×√13 and 4×4 (scanning area 16 nm×16 nm, Vbias = -0.5 V, I = 4 
nA). (b) STM image of silicene 2√3×2√3 phase (scanning area 10 nm×10 nm, Vbias = -0.8 V, I = 4 nA). (c-e) 
High-resolution STM images of √13×√13, 4×4, and 2√3×2√3 phases, respectively (scanning area 2 nm×2 
nm, Vbias = -0.02 V, I = 5 nA). (f) Schematic illustrations of various phases of silicene monolayers on 
Ag(111). Purple and green balls represent TL and BL Si atoms, respectively. Pink atoms represent Ag balls 
in the substrate. 
For √13×√13 phase, only one Si atom out of the 14 total Si atoms per unit cell resides on the 




unit cell in the 4×4 structure, leading to a “flower-like” pattern in STM images. In the 
2√3×2√3 phase, Si atoms are in a“three-fold” or “bridge” position on the Ag(111) surface; 
hence, there are two topmost atoms out of 14 Si atoms per unit cell. The distances between 
nearest neighboring TL Si atoms are 5.46 Å, 2.51 Å, and 3.67 Å for the √13×√13, 4×4, and 
2√3×2√3 superstructures, respectively. TL Si atoms are expected to be highly active in 
epitaxial silicene on Ag(111) due to the unsaturated bond. BL Si atoms, in contrast, are 
relatively more stable, due to the passivating effect of the free electrons from the substrate. 
Figure 5.2 (a-c) presents typical STM images of silicene layers in √13×√13, 4×4, and 
2√3×2√3 structures that were exposed to 10 Langmuir (L) O2. The marked isolated 
protrusions in these STM images are clearly different from the clean silicene surface in Fig. 
5.1. The protrusions are higher than for TL Si atoms. The interpretation of these protrusions is 
obtained from the STS maps of dI/dV, which is determined by the local density of states, and 
from in-situ Raman spectroscopy, which reflects the vibrational modes of chemical bonds. By 
comparative study of the STM topographic and spectroscopic images, we find that the 
atomic-scale protrusions on silicene show an extremely low density of states over much of 
the energy range studied, indicating localized electrons at these positions, as shown in Fig. 
5.2 (d-f). Such a large difference in DOS cannot be simply attributed to a possible 
impurity-induced structural distortion at the TL Si atoms. The bright protrusions are most 
likely raised by oxygen adatoms, due to the fact that they always appear after oxidation, but 
never for pure silicene layers. To justify this observation, we carried out in-situ Raman 
spectroscopic measurement on samples after exposing them to oxygen, as shown in Fig. 5.2 





following the silicene signature E2g peak. This peak is associated with the Si-O bonds due to 
its position and broadness [22,24]. With increasing oxygen dose, the intensity of the shoulder 




adsorbed oxygen atoms on the silicene surface. 
 
Fig. 5.2 STM images of oxygen adatoms on silicene in (a) √13×√13, (b) 4×4, and (c) 2√3×2√3 phases 
grown on Ag(111) substrate (scanning area 4 nm×4 nm, Vbias =-0.2 V, I = 4 nA). The bright protrusions are 
attributed to oxygen adatoms in each STM image, which are indicated by the arrows. (d-f) Corresponding 
STS mappings to STM images (a-c), respectively. (g) In-situ Raman spectra for silicene oxidized under 
different oxygen doses. An obvious broad shoulder at lower wavenumber to the E2g peak indicates the 
formation of Si-O bonds. 
The oxygen adatoms could be located on bridge sites, resulting in the configuration of 




 is a major configuration in the 
partially oxidized situation for all three silicene phases, as shown in Fig. 5.3 (a-c). The 
heights of oxygen adatoms residing on silicene layers are different, however, as displayed by 
the STM images in Fig. 5.3 (d). The height of oxygen adatoms on √13×√13 and 2√3×2√3 
silicene layers is higher than that of adatoms on 4×4 silicene by about 1 Å. The distances 
between nearest neighboring TL Si atoms are 5.46 and 3.67 Å for √13×√13 and 2√3×2√3 
silicene, respectively, distances which are twice long as the typical Si-O bond lengths in bulk 




silicon-oxygen bonds as Si(BL)-O
d
-Si(TL). In this case, oxygen adatoms prefer to reside 
beside TL Si rather than BL Si, as shown in Fig. 5.4. By contrast, the distance between 
nearest neighboring TL Si atoms in 4×4 silicene is 2.51 Å, indicating different buckling from 
the other two superstructures. DFT calculations indicate that TL Si atoms in 4×4 silicene 
could be transfered to BL Si atoms under oxidation to minimize the total energy. Therefore, 
Si(BL)-O
d
-Si(BL) is also a possible configuration for overbridging oxygen adatoms. 
 
Fig. 5.3 STM and STS images of oxidized silicene in (a) 4×4, (b) 2√3×2√3, and (c) √13×√13 structures 
(scanning area 4 nm×4 nm, Vbias = -0.2 V, I = 4 nA). The oxygen adatoms prefer to reside on TL Si atoms 
in the initial oxidation. (d) Line profiles of oxygen adatoms on silicene corresponding to the lines in the 
STM images in (a)-(c). DFT simulations (top and side views) of atomic structures for oxygen adatoms on 
Ag(111) supported silicene monolayers in different superstructures: (e) 4×4, (f) 2√3×2√3, (g) √13×√13. 





Fig. 5.4 STM images of oxygen adatoms on silicene in different phases, (a) √13×√13, (b) 4×4 and (c) 
2√3×2√3, on Ag(111) substrate. The bright protrusions are attributed to oxygen adatoms in each STM 
image. The green spots correspond to toplayer Si atoms in silicene. They indicate that oxygen adatoms 
prefer to reside near the toplayer silicon atoms in buckled silicene at the initial oxidization stage. 
Our measurements revealed that silicene monolayers with different structures show different 
oxidation behavior. It was found that for all three structures, the initial stage of oxidation 
always begins in the top-layer (TL) silicon atoms in the buckled silicene monolayer, namely, 
√13×√13, 4×4, and 2√3×2√3. This would indicate that the energy required for the adsorption 
of oxygen adatoms might be lower for TL silicon atoms as compared to the bottom-layer (BL) 
silicon. It is interesting that oxygen adatoms prefer to reside on the surface of silicene rather 
than the edge, which is totally different from the case of graphene, as shown in Fig. 5.5 and 
Fig. 5.6. This can be explained from the hybridization point of view. In the case of carbon in 
graphene, sp
2
 hybridization is more energetically stable for honeycomb structures, but sp
3
 is 
the energetically favored form of silicon in silicene. As a result, dangling bonds are expected 
on the silicene surface as well as at the edge. Once consideration of the interaction between 
silicon and silver atoms is taken into account, it is clear that the edge Si atoms are likely to 
have stronger bonding with Ag than the Si atoms at the surface. The energy barrier for 
absorption of oxygen adatoms, therefore, is lower at the surface. Further investigations, such 




oxygen bonding features on silicene. These experiments will be carried out in the near future. 
 
Fig. 5.5 STM image of √13×√13 and 4×4 mixed-structured oxidized silicene layers on Ag(111). The 
coverage of silicene is 0.6 ML, which was specifically designed to study the different roles of the edge and 
the surface during oxidation. Typical √13×√13 and 4×4 areas are circled in blue and red, respectively. The 
oxygen adatoms are marked by yellow arrows. All oxygen adatoms prefer to reside on the surface instead 
of the edge, which indicates that the energy barrier for adsorption of oxygen adatoms on the surface is 
lower than on the edge. (Sample was exposed to 10 L of O2 before STM measurement. Scanning area 
26×26 nm
2
, Vbias = -0.15 V, I = 5 nA.) 
 
Fig. 5.6 STM images of 2√3×2√3 silicene structures after oxidation under (a) 10 L O2, (b) 60 L O2 and (c) 
600 L O2. Shrinkage of silicene oxide results in the exposure of the bare Ag(111) surface in (c). (Vbias= 0.8 





5.3.2 DFT calculations of adsorption energies 
The above assumption on oxygen adsorption configurations is further verified by the DFT 
calculations, in which oxygen adatoms prefer to adsorb on the bridge sites of silicene for all 
three configurations upon relaxation. The equilibrium structures and adsorption energies for 
individual oxygen adatoms on silicene monolayers in the three typical superstructures are 
shown in Fig. 5.7 (e-g). The adsorption energy, Eads, for an oxygen adatom on silicene is 
defined as: 
𝐸𝑎𝑑𝑠 = 𝐸𝑡𝑜𝑡 − 𝐸𝑆𝑖−𝐴𝑔 −
1
2
𝐸𝑂2                                                (5.1) 
where 𝐸𝑡𝑜𝑡 is the total energy of the entire system of Ag(111)-supported silicene with one 
oxygen adatom; 𝐸𝑆𝑖−𝐴𝑔 is the total energy of the silicene superstructure on Ag(111); 𝐸𝑂2 is 
the energy of an oxygen molecule in gas phase. Negative adsorption energy means that the 
oxidation of silicene is exothermic. The calculated adsorption energy could be as low as -3 eV, 
indicating that silicene sheets in these three superstructures can be easily oxidized. Due to its 
having the largest amplitude of adsorption energy, the √13×√13 phase seems to be most 
easily oxidized. The distance between the oxygen adatom and the Ag(111) surface can be 
measured by a height parameter d (see Fig. 5.3 (e-g)), where the average height of all Ag 
atoms in the first layer of the slab model is taken as reference. Among the three 
superstructures considered, the 4×4 has the lowest height of 3.33 Å compared to those of the 
√13×√13 (d = 3.84 Å) and 2√3×2√3 (d = 3.88 Å) structures. The relative height difference is 
in good accordance with experimental results by STM, as shown in Fig. 5.3 (d). It should be 
noted that the DFT simulations are only able to qualitatively model the experimental 
observations. We only considered one oxygen adatom per unit cell within the periodic 




situation and simulated results in terms of both the concentration and spatial distribution of 
the oxygen atoms. Nonetheless, the differences between the various oxidized silicene 
superstructures revealed from DFT simulations would be still valid. 
5.3.3 Electronic structure of silicene layers with oxygen adatoms 
The previous reports predicted that the band structure of silicene could be tailored into 
various types, including semimetals, semiconductors, and insulators, by chemical 
functionalization methods such as oxidation [25,26]. The STM and STS results on partially 
oxidized silicene layers on Ag(111) are displayed in Fig. 5.7, where a series of spectra were 
collected along lines cut across the oxygen adatoms on the three silicene superstructures. The 
magnitude of the gap shows significant variation among the different superstructures. It 
should be noted that the gap is larger at oxygen adatom sites and becomes smaller when the 
locations are well away from the adsorption sites. Nevertheless, the gap still persists at a 
lateral distance of 3 nm around oxygen adatoms, indicating the large effective area of oxygen 
adatoms for the electronic structure of silicene. Considering that the average distances 
between neighboring oxygen adatoms on silicene in each structure are less than 3 nm, we 
realize that the gap is opened over the whole silicene surface, even with a low oxygen dose of 
20 L. The oxygen adatoms do not show an ordered structure, causing fluctuation of the gap 
value at different sites on the oxidized silicene surface. In 4×4 silicene, the gap varies from 
0.18 to 0.30 eV under an oxygen dose of 20 L. The most typical gap value is about 0.18 eV, 
as shown in Fig. 5.7 (b), while √13×√13 and 2√3×2√3 structures show band gap values of 
0.11-0.14 eV and 0.15-0.18 eV, respectively, as shown in Fig. 5.7 (a,c). These values for the 
band gaps are in qualitative agreement with the DFT simulations, as shown in Fig. 5.8. Due 
to the semimetal zero gap characteristic of pure silicene for each phase, the STS results 




adatoms. The band gap is increased with the incresing oxygen dose. The gap of oxidized 
silicene is homogeneous when the oxygen dose is greater than 30 L, as shown in Fig. 5.7. The 
values of the band gaps are 0.18 eV, 0.9 eV, and 0.22 eV for the √13×√13, 4×4, and 2√3×2√3 
structures, respectively, under oxidation when the oxygen dose is up to 60 L. These values are 
significantly smaller than that of the semiconducting band gap in bulk silicon.  
 
Fig. 5.7 STM images (left) and spatial STS dI/dV curves (right) measured on (a) 2√3×2√3, (b) 4×4, and (c) 
√13×√13 silicene layers oxidized under various oxygen doses from 20 L to 40 L. Tunneling spectra (dI/dV 
curves) were obtained along a line indicated by the arrows in the corresponding STM topographic images 
on their left. The dashed lines in each STS result illustrate the value of the band gap. STM images were 
obtained at Vbias = -0.8 V, I = 0.6 nA. Scanning area was 24×24 nm
2
. The oxygen adatoms appear as bright 
protrusions on the silicene layers. 
While the gap opens homogeneously for oxidized silicene, small differences in occupied and 
unoccupied states can be observed, which are most likely due to the inhomogeneous LDOS 
induced by disordered oxygen adatoms. It is proposed that the conduction band of partially 
oxidized silicene mainly arises from the Si p-orbital and the O p-orbital, and that the valence 




adsorption sites of oxygen adatoms. Since the valence band of silicene oxide mainly 
originates from the p-orbital of O, the dangling bonds of TL Si in oxidized 4×4 silicene are 
fully saturated by oxygen adatoms, resulting in the largest gap in oxidized silicene among the 
three structures. Unpaired electrons in oxidized √13×√13 and 2√3×2√3 silicene layers, 
however, contribute a narrow gap under low oxygen doses. Through varying the oxygen dose, 
we found that the band gaps are indeed tunable and dominated by the number of oxygen 
adatoms. Interestingly, oxygen adatoms prefer to be accommodated at the surface of silicene 
rather than the edge, in contrast to graphene [27], which is most likely due to the dangling 
bonds on the edge Si atoms, which are passivated by the Ag(111) surface. 
 
Fig. 5.8 DFT calculated density of states of (a) √13×√13, (b) 4×4 and (c) 2√3×2√3 silicene layers with 




Recent studies have claimed that the minimum oxygen dose for silicene oxidization is as high 
as 1000 L [25]. It is still unclear, however, how oxygen adatoms associate with silicene layers, 
especially for their structure before oxidation, which is crucial for further chemical 
functionalization. Figure 5.9 shows STM results on silicene exposed to different oxygen 
doses, i.e., 10 L, 60 L, and 600 L, respectively. The surface of silicene in the 2√3×2√3 
structure is fully covered by oxygen adatoms at the oxygen dose of 60 L, as shown in Fig. 5.9 
(b). The adatoms exhibit an amorphous-like disordered nature rather than a distinct structure. 
The insets in Fig. 5.9 display the corresponding fast Fourier transform (FFT) pattern for each 
sample. Interestingly, clear FFT patterns with bright symmetric spots were observed for 
2√3×2√3 silicene exposed to 10 L and 60 L O2, implying that partially oxidized silicene 
maintains the hexagonal honeycomb structure. On the other hand, the FFT pattern displays a 
typical amorphous feature, indicating the full oxidation of 2√3×2√3 silicene phase when the 
oxygen dose was increased up to 600 L. Furthermore, it is worth noting that some areas of 
bare Ag(111) substrate were exposed in the fully oxidized silicene, which had not been 
reported in either experimental or theoretical work before. The binding energy between the 
epitaxial silicene layer and the Ag(111) surface is about 0.7 eV [28], which is much smaller 
than that for the Si-O bond [29]. The oxygen thus prefers to first bond with the Si atoms in 
the silicene rather than the Ag atoms in the substrate. The energy required for the oxygen 
adsorption on Ag(111) is much higher than that on the Si surface with dangling bonds. Thus, 
bare Ag(111) surface rather than silver oxide is expected to appear in the fully oxidized 
silicene sample [28,30,31]. Due to the characteristic sp
3
 hybridization of Si, energetically 







Fig. 5.9 STM images of 2√3×2√3 silicene oxidized under (a) 10 L O2, (b) 60 L O2, and (c) 600 L O2. The 
insets display the corresponding FFT patterns. Bare Ag(111) surface can be seen in the bottom area of (c). 
The scale bar in each inset stands for 1/nm. 
 
5.4 Summary 
In summary, an electronic band gap in monolayer silicene on Ag(111) substrate was produced 
by oxidation and verified by STM combined with in-situ Raman spectroscopy studies. O
d
 is 
the most energetically favored configuration for oxygen adsorption on the surfaces of all 
three silicene superstructures. The different buckled structures lead to different heights of 
oxygen adatoms on the silicene. The size of the band gap could be modulated from 
semimetallic to semiconducting type, which can overcome the zero-gap disadvantage of 
silicene. In fully oxidized silicene, the buckled silicene structure vanishes, with subsequent 
crumpling of the sample as well as exposure of bare Ag(111) surface areas. 
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11 CHAPTER 6 
12 EFFECTS OF OXYGEN ADSORPTION ON THE SURFACE STATE OF 
EPITAXIAL SILICENE ON AG(111) 
Epitaxial silicene shows a strong interaction with the substrate that dramatically affects its 
electronic structure. The role of electronic coupling in the chemical reactivity between the 
silicene and the substrate is still unclear so far. In this chapter, we report the reconstructions 
and hybridized electronic structures of epitaxial 4×4 silicene (with respect to Ag(111)) on 
Ag(111) by using STM and ARPES. The hybridization between Si and Ag induces a metallic 
surface state, which can gradually decay by oxygen adsorption. XPS results reveal the 
decoupling of Si-Ag bonds as well as the relatively great oxygen resistance of the Ag(111) 
surface after oxygen treatment. First-principles calculations have also illustrated the evolution 
of the electronic structure of silicene during oxidation. It has been demonstrated 
experimentally and theoretically that the high chemical activity of 4×4 silicene is attributable 
to the Si pz state, while the Ag(111) substrate exhibits relatively inert chemical behavior. 
 
6.1 Introduction 
Silicene, one single layer of silicon atoms packed in a honeycomb structure, has been 
predicted to be a new 2D Dirac-fermion material [1–3]. Due to the linear energy-momentum 
dispersion relation at the Dirac point, the electrons in silicene behave as massless charge 
carriers exhibiting an ultra-fast transport velocity [4–6]. Its strong SOC makes silicene a 
promising candidate material for the QSHE [5] and gives it compatibility with current 
Si-based device technologies. To date, epitaxial growth is the only method to produce silicene 




therefore significantly modified by a strong coupling with the substrate, annihilating its 
Dirac-fermion characteristics [10]. On the other hand, epitaxial silicene in different 
superstructures may show various exotic physical and chemical properties due to new surface 
states resulting from hybridization between Si and the underlying metal substrate. DFT 
simulations have predicted that in 4×4 silicene [with respect to Ag(111)] on Ag(111), wave 
functions derived from the Si 3p orbitals are delocalized into the substrate. The strong 
coupling, accompanied by the charge transfer from the substrate to the silicon, breaks the 
symmetry and modulates the band structure of 4×4 silicene. Consequently, a surface metallic 
band was observed in 4×4 silicene on Ag(111) by ARPES measurements [11]. This metallic 
band would induce higher chemical reactivity in the silicene, especially on the surface rather 
than the edges, potentially facilitating silicene functionalization. The chemical properties 
associated with such a hybrid electronic state in 4×4 silicene are still unknown, which is an 
obstacle to potential applications of silicene. Due to the high chemical activity, oxygen could 
be used to probe and modulate local electronic states at the atomic level in 2D materials via 
the adsorption process. It is well accepted that the local electronic structure can be modulated 
from the zero-gap state to a semiconducting state by changing the oxygen dose and the 
adsorption sites of oxygen adatoms in graphene [12], reflecting the intrinsic electronic 
properties of graphene. Silicene possesses high chemical reactivity towards oxygen, 
providing a feasible way to research its surface electronic structures by using the oxygen 
adatom as a chemical probe [1]. The hybrid surface metallic state in 4×4 silicene on Ag(111) 
would be perturbed by oxygen adatoms via the formation of covalent bonds between oxygen 
atoms and silicon atoms (or silver atoms). Modulation of electronic states in silicene by 
oxygen adatoms is also expected, which is crucial for application in electronic devices. 
In this work, we report the effects of oxygen adsorption on the surface state of epitaxial 4×4 




surface metallic state is found to be highly sensitive to oxygen adatoms. It is revealed that the 
Shockley surface state on Ag(111) can be revived after the covered silicene is oxidized. DFT 
simulations imply that the high chemical reactivity of 4×4 silicene results from the Si pz state, 
consistent with the experimental results. 
 
6.2 Experimental methods 
6.2.1 Sample preparation 
The silicene layers were deposited on Ag(111) substrate by the evaporation of a heated silicon 
wafer in a preparation chamber attached to a low temperature (LT)-STM system under UHV 
(< 5×10
-11
 torr). A clean Ag(111) substrate was prepared by Ar
+
 sputtering, followed by 
annealing at 550 ˚C for several cycles. The deposition flux of Si was 0.08 monolayers per 
minute (ML/min). The temperature of the Ag(111) substrate was kept at 220 ˚C during 
deposition. Oxygen molecules were introduced onto the silicene surface by a leak valve. The 
Langmuir (L) is used as the unit of exposure of O2, where 1 L is defined as exposure to 10
-6
 
torr O2 in one second. 
6.2.2 STM and STS characterizations 
The STM and STS measurements were carried out on a LT-STM system (SNOM1400, 
Unisoku Co.) in UHV (< 8×10
-11
 torr) at 77 K. STS differential conductance (dI/dV) (where I 
is current and V is voltage) measurements were conducted with lock-in detection by applying 
a small modulation of 20 mV to the tunnel voltage at 973 Hz. Before STS measurements, the 
Pt/Ir tip was calibrated on a silver surface. 




In-situ ARPES and XPS characterizations were conducted at a photoelectron spectroscopy 
station in the Beijing Synchrotron Radiation Facility (BSRF) using a SCIENTA R4000 
analyzer. A monochromatized He-I light source with energy of 21.2 eV was applied for the 
band dispersion measurements. The total energy resolution was set at 15 meV, and the 
angular resolution was set to ~ 0.3˚, giving momentum resolution of ~ 0.01 A˚
-1
. The XPS 
experiments were performed at Beamline 4B9B, and the variable photon energies used were 
referenced to a fresh Au polycrystalline film. Photons, located at 700 eV, 500 eV, and 180 eV, 
were used to excite the Ag-3d and Si-2p electrons in the samples, and the energy resolutions 
were around 0.4 meV, 0.3 meV, and 0.15 meV, respectively. All the XPS data are fitted using 
the XPS Peak 4.1 software package. All the background subtraction was calculated by the 
‘‘Shirley + Linear’’ background approach. All XPS peaks were fitted by Gaussian-Lorentzian 
functions. The silicene samples used in the ARPES and XPS characterizations were prepared 
under the same conditions as in STM and STS characterizations. 
6.2.4 DFT calculation details 
We performed DFT simulations and ab initio molecular dynamics (AIMD) simulations using 
the VASP [13–15]. The exchange-correlation PBE functional and the ion-electron interaction 
as described by the projector augmented wave method were used [16,17]. A plane-wave basis 
set with an energy cut-off of 400 eV was used with a Monkhorst-Pack k-point mesh of 
13×13×1 for the geometry optimization and the Γ point for the AIMD. The 4×4 
silicene/Ag(111) system was modelled using details published previously [18]. To simulate 
adsorption of oxygen in this system, we initially put oxygen atoms in top sites above the Si 
atoms at 1/2ML coverage. A geometry optimization was calculated using medium precision, 
following by high precision. During the optimization process, the bottom 2 layers of Ag 




converged to < 10
-4
 eV, and the Hellmann–Feynman force on each of the atoms was allowed 
to relax to < 0.03 eV Å
-1
. An ab-initio molecular dynamics simulation of 7 ps, using a time 
step of 1 fs, showed that the Si layer becomes disordered and starts to delaminate from the Ag 
surface and to form a silicon oxide type structure. 
 
6.3 Results and discussion 
6.3.1 STM and STS results of oxidized 4×4 silicene 
Figure 6.1 shows 15×15 nm
2
 STM topographical images of the Ag(111) surface and a 4×4 
silicene monolayer epitaxially grown on the substrate. Quantum-interference patterns are 
clearly visible on the Ag(111) surface, as shown in Fig. 6.1 (a). Electrons in the two 
dimensional surface states can be scattered by surface point defects, leading to periodic 
spatial oscillations of LDOS [19]. The LDOS can be used to classify a 2D electron gas, due 
to the fact that interference will occur if the 2D electron wave travels towards a scattering 
defect and encounters the backscattered wave [20]. In Fig. 6.1 (a), the quantum-interference 
pattern with a period of several tens of angstroms reflects the nature of the 2D electron wave 
in the Ag(111) substrate. The 4×4 silicene has a lattice constant of 1.06 nm, as shown in Fig. 
6.1 (b). The low-buckled configuration can be verified by the different heights of the Si atoms 
at the edges. The height of buckling is 0.86 Å in 4×4 silicene, distinguishing it from the 
calculated value for free-standing 1×1 silicene [21,22]. This is evoked by the metal 
passivation effect of the Ag(111) surface, which affects the buckling of silicene through 
bonding between Si and Ag(111). There was no quasiparticle interference pattern (QPI) that 
could be observed in the as-grown silicene layer, implying the absence of Dirac fermion 




hybridization between Si and Ag induces symmetry breaking in 4×4 silicene, and suppresses 
the Dirac quasiparticles [10,11]. The strong coupling, accompanied by the charge transfer, 
modulates the electronic structure of silicene on Ag(111). In order to reveal the nature of the 
hybridization state, we introduced oxygen molecules onto the 4×4 silicene surface by a leak 
valve in precise doses at 77 K.  
 
Fig. 6.1 Topographical images of Ag(111) substrate and 4×4 silicene grown on Ag(111). (a) STM 
topographical image of clean Ag(111) substrate, where a clear quantum-interference pattern due to point 
defects appears (scanning area 15 nm×15 nm, Vbias = -0.2 V, I = 4 nA). (b) STM topographical image of 
4×4 silicene on Ag(111) (scanning area 15 nm×15 nm, Vbias = -0.8 V, I = 2 nA). Inset is an enlarged view of 
an area 4 nm×4 nm in size. (c) STM image of silicene layer oxidized by oxygen with a dose of 10 L. O 
adatoms prefer to reside at bridge sites. Inset contains the comparative STS spectra of silicene and silicene 
oxide samples. (d) STM images of the 4×4 silicene oxidized under 600 L O2. The bare Ag(111) surface can 




Figure 6.1 (c) and (d) shows typical STM images of silicene layers after exposure to 10 L and 
600 L O2, respectively. At the low oxygen dose level, the oxygen adatoms prefer to reside on 
a bridging site forming a Si(TL)-O-Si(BL) configuration. The Si-O bonds significantly 
modulate the surface metallic band in silicene on Ag(111). As shown in the inset of Fig. 6.1 
(c), a gapped electronic state was identified in STS measurements performed at the oxygen 
adatom sites. The surface metallic band is tuned to semiconducting-like behavior. When the 
oxygen dose is increased up to 600 L, the silicene layer is oxidized and forms a disordered 
structure, as shown in Fig. 6.1 (d). Furthermore, some areas of bare Ag(111) substrate were 
exposed. Interestingly, the QPI pattern is revived on the Ag(111) surface with the same 
oscillating period as that on clean Ag(111) surfaces, indicating that the Ag(111) substrate is 
inert compared to 4×4 silicene in the process of oxidization. 
6.3.2 Electronic structure of oxidized 4×4 silicene by ARPES measurements 
Figure 6.2 displays the ARPES results on occupied states along the Γ-MAg and Γ-KAg 
directions of 4×4 silicene/Ag(111) for samples both before and after oxidization, in order to 
determine the details of the surface electronic structures as well as the cause of the electronic 
hybridization between the silicene and the Ag(111) substrate. Figure 6.2 (d) shows the 
reciprocal spaces BZ of (1×1) Ag(111) (blue hexagon) and (4×4) silicene (orange hexagons). 
Note that the MAg and KAg points of Ag(111) coincide with the Γ and KSi points of 4×4 
silicene in the BZ. Figure 6.2 (a) displays the Shockley surface state (SSS) of the Ag(111) 
substrate at the BZ centre Γ point (k = 0 Å
-1
). The SSS originates primarily from surface 
states of nearly free electrons and is associated with the special boundary conditions 
introduced by the metal/vacuum interface [23]. The typical bulk sp-band of Ag is located 
across the Fermi level [11] at k = 1.15 Å
-1
. With increasing silicene coverage, the SSS and 




surface is fully covered by the silicene layer, as shown in Fig. 6.2 (b). The weak Ag sp-band 
is still visible, implying that this band remains stable after Si deposition. There is a clear new 
“∩”-shaped state with a top point located exactly at MAg point, or Γ point for 4×4 silicene. 
Furthermore, the “∩”-shaped state displays variation along the Γ-KAg direction, as shown in 
Fig. 6.2 (e), where the band crosses the Fermi surface at the KAg (KSi) point. The results for 
band structures along both the Γ-MAg and the Γ-KAg directions are consistent with the 
previous reports [11], demonstrating that the new “∩”-shaped state should be ascribed to a 
hybridization between Si and Ag orbitals resembling the π-band dispersion in graphene [11]. 
The apex of the state at k = 1.28 Å
-1
 in Fig. 6.2 (b) is about 0.15 eV below the Fermi level. 
The value is at the saddle point of the surface state and midway between two adjacent KAg 
(KSi) points. It should be noted that this feature, which appears only after Si deposition, is 
absent from clean Ag(111) spectra and has been associated with a Ag(111)-related surface 
band. The predicted Dirac cone has been observed in different √3×√3 silicene with respect to 
1×1 silicene, which was formed as a second layer on 4×4 silicene grown on Ag(111) substrate 
[24,25], and it was revealed that √3×√3 silicene is a true 2D Dirac-fermion material. A strong 
electron doping (n-type) effect has been revealed in multilayer √3×√3 silicene that originates 
from the Ag(111) substrate, as indicated by both ARPES and STS measurements [6,24]. 
Consequently, the Fermi level in multilayer silicene is raised by about 0.3 eV, even though 
there is hybridized state can be detected. Therefore, the electronic structure of monolayer 4×4 
silicene is totally dissimilar to that of multilayer √3×√3 silicene. High surface chemical 
activity could be expected in 4×4 silicene due to its lower work function, which is induced by 
the metallic hybridized surface band (HSB) in 4×4 silicene compared with that of √3×√3 
silicene. Figure 6.2 (c) and (f) displays ARPES images on an oxidized 4×4 silicene/Ag(111) 
sample under an oxygen dose of 600 L along the Γ-MAg and Γ-KAg directions, respectively. 





Fig. 6.2 Energy vs. k dispersion measured by ARPES for (a) clean Ag(111) surface, (b) 4×4 silicene grown 
on Ag(111), and (c) oxidized silicene on Ag(111), respectively. SSS in (a) and (b) denotes the Shockley 
surface state. HSB in (b) denotes the hybrid surface band. (d) Schematic diagram of the BZ for 4×4 
silicene grown on Ag(111): blue and orange honeycomb structures correspond to Ag(111) and 4×4 silicene, 
respectively. (e) 4×4 silicene grown on Ag(111) along the 𝛤-KAg direction, and (f) oxidized silicene on 
Ag(111) along the 𝛤-KAg direction, respectively. 
The disappearance of the signature of metallic HSB is combined with the presence of 
well-defined SSS bands in the oxidized silicene/Ag(111) sample. The intensities of the states 
belonging to Ag(111) are weak because the Ag(111) surface is still partly covered by silicene 
oxide. Moreover, an asymmetric band with its highest energy level at about -0.6 eV can be 
perceived in Fig. 6.2 (c). STS measurements on areas of the Ag(111) surface and silicene 
oxide in the same sample were carried out to clarify the derivation of this asymmetric band. 




Ag(111) displayed typical metallic characteristics. Thus, the asymmetric state is attributed to 
the valence band (VB) resulting from silicene oxide. These results are consistent with the 
STM observations shown in Fig. 6.1 (d), where amorphous silicene oxide shields most of the 
Ag(111) surface. Due to the extreme surface sensitivity of SSS in metal, the SSS reflects 
modifications of the surface atomic and electronic properties [26,27]. The revived SSS in the 
ARPES results for the oxidized sample indicates that oxygen would preferentially react with 
Si atoms rather than silver atoms if the oxygen dose is low. Consequently, 4×4 silicene 
chemically protects the surface states of Ag(111) against oxygen molecules. The 
disappearance of the HSB in Fig. 6.2 (c) and (f) demonstrates that the bonding between Si 
and Ag is broken after oxidation.  
6.3.3 XPS spectra for oxidization effect 
A detailed XPS characterization of the chemical bond states in the samples was carried out to 
investigate the influence of oxygen adatoms on the hybridization between Ag(111) and 4×4 
silicene. Figure 6.3 (a) and (b) shows Ag 3d core level XPS spectra for 4×4 silicene deposited 
on an Ag(111) sample before and after oxidization, respectively. The experimental data points 
are plotted with black dots, while the fitted curves are displayed by red lines. For the bare 
Ag(111) substrate, the Ag 3d3/2 and 3d5/2 peaks located at 371.5 eV and 365.5 eV originate 
from Ag-Si bonds. A downward energy shift with a value of ~ 0.7 eV for the Ag 3d orbitals is 
detected after the deposition of silicene, implying that the chemical activity of silicene is 
higher than that of the pure Ag-Ag bonds arising from Ag
0
. Peak splitting of the Ag 3d line 
was observed after exposure to 600 L oxygen, as shown in Fig. 6.3 (b). The peaks could be 
decomposed into two components, arising from the Ag-Ag bonds and the Ag-Si bonds, 
respectively. The dramatic fall in intensity of the Ag-Si bonds and recovery of the Ag-Ag 




Ag-O chemical structure is present in the XPS spectrum, indicating that oxygen molecules 
most likely bond to silicon atoms, consisting with the resurgence of the QPI pattern in Fig. 
6.1 (d). Figure 6.3 (c) and (d) displays Si 2p core level spectra for the sample before and after 
oxidization, respectively. The fitting results for the Si 2p line, as shown in Fig. 6.3 (c), 
manifests the existence of two groups of bonding components, labelled as Si1 and Si2, 
respectively. The energy gap between the two peaks in each group is a constant value, 
indicates that the two fitting peaks in each group are attributable to two Si 2p3/2 and 2p1/2 
peaks, respectively. The Si2 peaks located at a binding energy around 98.8 eV are correlated 
with elemental silicene, consistent with a previous report [28]. Since there are no other 
elements introduced in the process of deposition, combined with the fitting results of Ag-Si 
bonding in Fig. 6.3 (a) and (b), the Si1 group is ascribed to Si-Ag bonding. After the oxygen 
treatment, clear silicon oxide peaks appear. The binding energy value (101.6 eV) is lower 
than the peak position of SiO2-like binding energy (102.3 eV) [29], implying lower valence 
states of the Si-O bonds compared with Si
4+
. The low valence of Si-O bonds agrees well with 
our STM results and a previous report [30], implying that the oxygen adatoms are the most 
energetically favourable on the surface of silicene. The intensity of the peaks correlated to the 
Si-Ag bonds shows a significant decrease in the presence of silicon oxide peaks. The change 
in peak intensity demonstrates that the main role of oxygen adatoms is to decouple the Si-Ag 
bonds rather than the Si-Si bonds. The XPS results agree with our STM and ARPES results, 
confirming the decoupling of Si-Ag bonds after oxygen treatment, as well as the strong 





Fig. 6.3 Representative Ag 3d core level XPS spectra of 4×4 silicene on Ag(111) (a) before and (b) after 
oxidation, respectively. Si 2p core level XPS spectra of 4×4 silicene on Ag(111) (c) before and (d) after 
oxidation. The spectra imply that the 4×4 silicene layer is oxidized and decoupled from Ag(111) under the 
high oxygen dose (600 L). 
6.3.4 DFT simulations of SSS and HSB 
Finally, we carried out DFT calculations to investigate the revived SSS on Ag(111) and to 
reveal the origins of the VB in silicene oxide, as shown in Fig. 6.4. The first step in our 




layer of silicene was put on top of 3 layers of 4×4 Ag(111). The simulated structure shows 
exhibits same reconstruction as in our STM results, as shown in Fig. 4(a). The Ag d-state and 
the Si p-state make the heaviest contributions to the DOS at the Fermi level (EF), implying 
that the metallic HSB should indeed be ascribed to the pz electrons of Si atoms and the 4d 
electrons of the Ag(111) substrate. We then put 0.5 ML oxygen on the stabilized silicene 
surface. After running the molecular dynamics simulation for 7 ps, the singly coordinated Si 
atoms transfer to bridge sites, demonstrating that there is an energy barrier for the other O 
atoms to move to more highly coordinated sites on silicene. Meanwhile, the Si atomic layer 
becomes disordered, indicating that the silicene oxide layer starts to decouple from the 
underlying Ag(111) substrate. The disordering of the Si overlayer evoked by oxygen adatoms 
is in excellent agreement with the STM images demonstrating the amorphous nature of 
silicene oxide. Figure 6.4 (c) shows the simulated DOS on 4×4 silicene with 0.5 ML oxygen 
coverage. The deep-level band (< -2 eV) is primarily contributed by Ag d-states. The DOS 
close to EF, however, contains Ag, Si, and O orbitals, as displayed in the inset of Fig. 6.4 (c). 
It should be pointed out that the Si 3p states and O 2p states form a new band below EF, 
although Si and O contribute partly to the DOS at EF. The top of this band is at -0.4 eV, 
matching well with the asymmetric band (-0.6 eV) in the ARPES results [Fig. 6.2 (c) and (f))]. 
Therefore, this shallow band is ascribed to the VB of partially oxidized silicene. It should be 
noted that 0.5 ML oxygen is not enough to oxidize the whole silicene monolayer, so that the 
hybridization between Si and Ag still exists in some regions and could be detected in the 
STM and ARPES results. For areas of silicene oxide, the SSS would be revived due to the 
decoupling between the silicene overlayer and the Ag(111). The Ag state at the Fermi level 





Fig. 6.4 (a) DFT-simulated structure of 4×4 silicene on Ag(111) substrate, with the black rhombus showing 
the unit cell. (b) Initial adsorption sites of oxygen adatoms on silicene. (c) Simulated DOS of oxidized 
silicene with oxygen coverage of 1/2ML. The inset shows an enlarged view of the DOS close to the Fermi 
level. (d) The energy favoured stable adsorption sites after running the molecular dynamics simulation for 
7 ps. Oxygen adatoms prefer to form Si-O-Si bonds at bridge sites in the 4×4 silicene surface. Red, yellow, 
and blue balls in (b) and (d) label oxygen, silicon, and silver atoms, respectively. 
As mentioned above, 4×4 silicene on Ag(111) shows high chemical reactivity towards 
oxygen, which is the property that has been utilized to further functionalize epitaxial silicene 
layers. The binding energy between the epitaxial silicene layer and the Ag(111) surface, 
which is about 0.7 eV [31], is much smaller than that for Si-O (between 4.0 and 12.0 eV) 




in the substrate. Moreover, the energy of oxygen adsorption on the Ag(111) surface is much 
higher than that on the Si surface with dangling bonds (pz orbital). Therefore, bare Ag(111) 
surface rather than silver oxide appears in the fully oxidized silicene sample [31,33]. Due to 
the typical sp
3
 hybridization of Si, energetically favoured Si-O-Si bonds would be expected 
when silicene is exposed to a high oxygen dose (600 L). The Si-O bond length in oxidized 
4×4 silicene on Ag(111) is around 1.63 Å, which is derived from our DFT simulations, and is 
much smaller than the bond length of Si-O in SiO2 (~ 1.70 Å). Consequently, the silicene 
layer crumples after oxidation, leading to the presence of some “silicene-free” areas. Our 
theoretical and experimental results also give a clue that the silicene oxide layer could 
possibly detach from the Ag(111) substrate and form quasi-freestanding amorphous 
nanosheets. By analogy with graphene, it is proposed that reducing these quasi-freestanding 
nanosheets may provide a feasible way to achieve free-standing silicene nanosheets (or 
reduced silicene oxide). 
 
6.4 Summary 
In conclusion, we have studied the oxidation effects on the structure and electronic properties 
of 4×4 silicene on Ag(111). After oxidation, the silicene oxide exhibits an amorphous 
structure with a semiconductor-like band structure. By combining DFT calculations and 
ARPES results, it was proved that the 2D metallic surface state in 4×4 silicene on Ag(111) 
should be ascribed to the hybridization of Si pz and Ag 3d states. The hybridization is broken, 
and the Ag(111) Shockley surface state could be revived after the silicene is oxidized. This 
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13 CHAPTER 7 
14 QUASI-FREE-STANDING EPITAXIAL SILICENE ON AG(111) BY OXYGEN 
INTERCALATION 
Silicene is a monolayer allotrope of silicon atoms arranged in a honeycomb structure with 
massless Dirac fermion characteristics, similar to graphene [1-5]. It is favourable for the 
development of silicon-based multifunctional nanoelectronic and spintronic devices operated 
at room temperature [6-8] due to its strong spin-orbit coupling. Nevertheless, until now, 
silicene could only be epitaxially grown on conductive substrates. The strong 
silicene-substrate interaction may depress its superior electronic properties [9,10]. Here, we 
report a quasi-free-standing silicene layer that has been successfully obtained through 
oxidization of bilayer silicene on the Ag(111) surface. The oxygen atoms intercalate into the 
underlayer of silicene, which can isolate the top layer of silicene from the substrate. In 
consequence, the top layer of silicene exhibits the signature of a 1×1 honeycomb lattice and 
hosts massless Dirac fermions due to much less interaction with the substrate. Furthermore, 
the oxidized silicon buffer layer is expected to serve as an ideal dielectric layer for electric 
gating in electronic devices. These findings are relevant for the future design and application 
of silicene-based nanoelectronic and spintronic devices. 
 
7.1 Introduction 
Silicene, in a similar way to graphene, is expected to exhibit exciting and rich physics from 
theoretical calculations, including massless Dirac fermions, the QSHE, and possible 









out-of-plane dangling bonds. This seems to be the reason why monolayer silicene sheets must 
be fabricated on only a few conductive substrates by the epitaxial growth method [2-5]. The 
strong silicene-substrate interaction, however, may greatly depress the superior electronic 
properties in this 2D material [9,10]. For example, the hybridization between Ag and Si 
orbitals results in a surface metallic band and depresses the Dirac fermion characteristics in 
an epitaxial silicene layer on an Ag(111) surface [10]. Moreover, the conductive substrate 
makes it difficult to modulate the Fermi level of silicene by electric gating, and thus, hinders 
integration of silicene into microelectronic devices. Hence, how to eliminate or minimize 
substrate effects on the structural and electronic characteristics of epitaxial silicene has 
become a critical issue for the development of silicene devices. Although some theoretical 
proposals have been put forward to achieve quasi-free-standing silicene on inert substrates 
[14-16], so far there has been barely any experimental success. 
In bilayer silicene on Ag(111), the top √3×√3 layer (with respect to 1×1 silicene) is 
considered to be fabricated on the √13×√13/4×4 layer [with respect to 1×1 Ag(111)] 
underneath [17]. Therefore, the lower √13×√13/4×4 layer can be regarded as a buffer layer. 
Convincing experimental evidence suggests that the √3×√3 layer has more sp
2
 hybridization 
states and excellent chemical stability [18], while the √13×√13/4×4 layer is highly sensitive 
to ambient gases, especially O2 [19-21]. Recently, elimination of the graphene-substrate 
interaction has been achieved by exfoliating epitaxial graphene from the SiC(0001) surface 
by using hydrogen or fluorine intercalation into the buffer layer [22,23]. Motivated by such a 
successful strategy, the interaction between the top √3×√3 silicene layer and the metal 
substrate is expected to be effectively reduced by an appropriate intercalation into the buffer 
√13×√13/4×4 silicene layer, which, in turn, may allow the top layer to recover the intrinsic 




In this chapter, oxidization of bilayer silicene was conducted on Ag(111), and it was found 
that the oxygen molecules intercalate into the √13×√13/4×4 buffer layer of silicene. As a 
result, the top layer of silicene exhibits the signature of the 1×1 lattice structure of 
“free-standing” silicene and shows a robust Dirac fermion characteristic with less electron 
doping, which were revealed by STM and XPS measurements. Combined with 
first-principles calculations, we demonstrate that the top layer of silicene can act as 
quasi-free-standing silicene with weakened interaction with the substrate. Our study 
establishes a novel and simple way to obtain quasi-free-standing silicene on the substrate. 
Additionally, the silicon oxide buffer layer may be used as the dielectric layer for possible 
construction of field effect transistors (FETs) directly on the metal substrate. 
 
7.2 Materials and methods 
7.2.1 Sample preparation 
The silicene layers were fabricated by the deposition of silicon atoms on the Ag(111) 
substrate from a heated silicon wafer in a preparation chamber attached to an in-situ 
STM/Raman system under UHV (< 1×10
-10
 torr). A clean Ag(111) substrate was prepared by 
argon ion sputtering and subsequently annealed at 550 ˚C for several cycles. The deposition 
flux of Si was 0.08 monolayers per minute (ML/min). The temperature of the Ag(111) 
substrate was kept at 220 ˚C during deposition. An in-situ oxygen intercalation process was 
carried out by introducing oxygen molecules into the preparation chamber at a sample 
temperature of 200 ˚C. The Langmuir (L) was used as the unit of exposure to O2, i.e., 1 L is 
an exposure of 10
-6
 torr O2 in one second. 




The STM and Raman spectroscopy measurements were carried out using a low-temperature 
UHV STM/scanning near-field optical microscopy system (LT-UHV-STM-SNOM) 
(SNOM1400, Unisoku Co.) in UHV (< 8×10
-11
 torr) at 77 K. The Raman spectra were 
acquired using laser excitation of 532 nm (2.33 eV) delivered through a single-mode optical 
fibre at 77 K in UHV. The spot size of the incident laser in in-situ Raman spectroscopy was 
about 3 µm in diameter. In-situ ARPES and XPS characterizations were performed at the 
photoelectron spectroscopy station in the Beijing Synchrotron Radiation Facility (BSRF) 
using a SCIENTA R4000 analyzer. A monochromatized He-I light source (21.2 eV) was used 
for the band dispersion measurements. The total energy resolution was set to 15 meV, and the 
angular resolution was set to ~ 0.3˚, which gives a momentum resolution of ~0.01 π/a. The 
XPS experiments were performed at Beamline 4B9B, and variable photon energies were 
referenced to a fresh Au polycrystalline film. The spot size of the incident radiation in XPS is 
about 1 mm in diameter. 
7.2.3 DFT calculations 
Ab initio calculations were performed using DFT and a plane wave basis with cut-off energy 
of 400 eV, as implemented in VASP [24]. The electron-ion interactions were represented by 
PAW potentials [25]. The PBE functional was adopted to describe the exchange-correlation 
interaction [26]. To properly take into account the long-range van der Waals interactions in 
layered structures, the DFT-D3 scheme [27] was used. The Ag(111) surface was modelled by 
a three-layer slab model with a vacuum space of more than 12 Å, which was cleaved from a 
face-centred cubic (fcc) solid silver bulk with an experimental lattice constant of 2.89 Å. 
Within the constrained supercell, the slab model was further relaxed, with the bottom layer 
fixed to mimic a semi-infinite solid. The monolayer 4×4 silicene/Ag(111) superstructure was 




constructed by putting a √3×√3 silicene layer on top of the 4×4 silicene/Ag(111). To simulate 
oxygen adsorption on pristine bilayer silicene, a 2×2 supercell of the √3×√3 silicene/4×4 
silicene/Ag(111) structure with lattice constant of 23.12 Å and a total of 192 silver atoms plus 
150 silicon atoms was adopted. Similarly, a 2×2 supercell of monolayer 4×4 silicene on 
Ag(111) was also considered. To model oxygen intercalation, a slab of 4×4 Ag(111) 
supercell with 48 silver atoms, a buffer layer of SiOx with 22 silicon atoms and 42 oxygen 
atoms, and a top 1×1 silicene layer with 18 silicon atoms were combined to construct the 
silicene/SiOx/Ag(111) hybrid structure, which was relaxed by an AIMD simulation at 550 K 
for 10 ps, followed by geometry optimization. Note that the SiOx buffer layer is thicker than 
the pristine 4×4 silicene layer, based on our experimental observation that the height of the 
oxygen-intercalated silicene area is higher than that of the pristine silicene area. 
 
7.3 Results and discussion 
7.3.1 Observation of 1×1 lattice induced by oxygen intercalation 
Figure 7.1 (a) shows an STM image of pristine √3×√3 silicene supported by the 
√13×√13/4×4 buffer layer on Ag(111). In the pristine sample, the exposed buffer silicene 
layer shows three distinct structures, i.e., 4×4, √13×√13R13.9˚(-I), and √13×√13R13.9˚(-II) 
[28]. The top layer of silicene exhibits √3×√3 lattice with a lattice constant a = 0.64 nm, 
which is approximately √3 times that of the 1×1 silicene structure (a = 0.38 nm) [29]. Figure 
7.1 (b) is a STM image of a single piece of silicene island with a √3×√3 top layer, collected 
after the sample was exposed to oxygen with a dose of 600 Langmuir (L). The bright area of 
the island is higher than the dark area by about 0.9 Å, as shown in Fig. 7.1 (c). The 




reconstruction in the higher area are weaker than in the dark area [Fig. 7.1 (e)]. It is found 
that the higher area forms from the edge of a √3×√3 silicene flake. More importantly, the 
higher area exhibits the signature of a 1×1 lattice of “free-standing” silicene. To the best of 
our knowledge, this is the first experimental observation of a 1×1 lattice in silicene. We 
further increased the oxygen dose up to 1200 L, and the corresponding STM image [Fig. 7.1 
(f)] shows that the exposed √13×√13/4×4 layer changes to an amorphous form, while the 
√3×√3 silicene clearly retains intact. The higher degree of buckling of Si atoms in the 
√13×√13/4×4 silicene layer [19] enables surface dangling bonds to easily react with oxygen. 
Consequently, crumpled amorphous silicon oxide (SiOx) is formed, leading to exposure of the 
bare Ag(111) surface, which was also observed in our previous study [19]. Considering the 
√3×√3 top layer sitting on the √13×√13/4×4 layer, we conjecture that the oxygen atoms are 
intercalated between the two silicene layers and react with the underlying √13×√13/4×4 layer. 
That is why the surface of the √3×√3 top layer remains intact and the oxidized area of the 
√3×√3 layer is higher than the unoxidized area. The increased height reflects the fact that the 
oxidizing process of the √13×√13/4×4 layer follows the conventional oxidation of silicon, in 
which the volume of SiOx is increased upon oxidation.  
It is necessary to describe the structure of silicene in detail to make our statements clear. Due 
to the buckled structure of silicene, silicon atoms are displaced alternatively in a direction 
perpendicular to the plane. In this case, the silicon atoms can be classified as upper buckled 
atoms and lower buckled atoms. Only the upper buckled atoms could be observed in the STM 
measurements due to the large degree of buckling. Figure 7.2 (a) and (b) present a schematic 
model illustrating the honeycomb structure of the √3×√3 superstructure. It can be found that 
all the silicon atoms in √3×√3 silicene are arranged in a form of honeycomb-like structure, 
i.e., the 1×1 silicene honeycomb structure, with the arrangement of upper buckled silicon 




from 1×1 silicene. We repeated our experiments for oxygen-intercalated silicene, where the 
intercalated region exhibits a clear signature of the 1×1 lattice of “free-standing” silicene (Fig. 
7.1 (d)), and the non-intercalated region retains the √3×√3 superstructure (Fig. 7.1 (e)). Thus, 
the observation of a 1×1 lattice of “free-standing” silicene in the oxidized area of the √3×√3 
layer suggests that the interactions between the top layer of silicene and the underlying 
silicene/silicon oxide or Ag(111) substrate are weakened by oxidization.   
 
Fig. 7.1 Topographic images of pristine and oxygen intercalated epitaxial silicene grown on Ag(111). (a) 
STM topographic image of pristine √3×√3 silicene that was formed on a √13×√13/4×4 buffer layer. Inset 
is a high-resolution image of √3×√3 silicene, which demonstrates a honeycomb structure with a lattice 
constant of 0.64 nm (Vbias = 0.8 V, I = 0.2 nA); (b) oxygen intercalated √3×√3 silicene after an oxygen 
dose of 600 L (Vbias = 0.6 V, I = 2 nA); (c) line profile for the straight line in panel (b); (d) and (e) enlarged 
STM images of intercalated region (red frame in panel (b)) and non-intercalated √3×√3 silicene (black 
frame in panel (b)), respectively. The red rhombus and black rhombus stand for the unit cell of 1×1 
silicene and √3×√3 silicene, respectively (Vbias = 3 mV, I = 4 nA); (f) oxygen intercalated silicene layers 




robust structural stability against oxygen intercalation (Vbias = 1.2 V, I = 0.1 nA). 
 
Fig. 7.2 (a) and (b) STM images of intercalated region and non-intercalated region of √3×√3 silicene, 
respectively. The blue rhombus and black rhombus stand for the unit cells of 1×1 silicene and √3×√3 
silicene, respectively (Vbias = 3 mV, I = 4 nA). 
7.3.2 XPS of oxygen-intercalated √3×√3 silicene 
To corroborate the oxidization model sketched in Fig. 7.2, a detailed analysis of the chemical 
bonds was conducted by XPS and Raman spectroscopy. Si 2p and Ag 3d core level spectra 
were collected for the pristine and oxygen-treated silicene samples, as shown in Fig. 7.3. 
Different components contributing to the spectra were decomposed by a curve-fitting 
procedure [10]. Figure 7.3 (a) shows Ag 3d core level spectra collected from the pristine 
silicene sample and intercalated samples treated with various oxygen doses. The Ag 3d3/2 and 
3d5/2 peaks at 374.1 eV and 368.2 eV, respectively, originate from the Ag(111) substrate. A 
downward energy shift (~ 0.7 eV) for the Ag 3d orbital is observed in the silicene/Ag(111) 
sample, where chemical bonds form between the Ag(111) substrate and the silicene buffer 
layer, indicating that the chemical activity of the silicene buffer layer is higher than that for 
the pure Ag-Ag bonds in the Ag(111) substrate. After oxygen intercalation, shifts of the Ag 




breaks Ag-Si bonds, and as a result, the XPS peaks corresponding to the Ag 3d core level are 
restored to the Ag-Ag state. Moreover, no Ag-O chemical structure is present in the XPS 
spectrum, which implies that oxygen molecules do not react with Ag(111). Figure 7.3 (b) 
shows Si 2p core level spectra for the samples before and after oxygen treatment. The fitting 
of the Si 2p lines clearly shows that there are two groups of bonding components, i.e., Group 
I (labelled as Si1 and Si2) and Group II (labelled as Si3 and Si4), respectively. The energy gap 
of the two peaks in each group is a constant value, indicating that the fitted peaks in each 
group are respectively related to the Si 2p3/2 and 2p1/2 peaks. We assign the Group I and 
Group II peaks to Si-Si bonds in the top √3×√3 layer and in the √13×√13/4×4 buffer layer, 
respectively, because the positions of the Si1 and Si2 peaks remain the same before and after 
oxygen intercalation, while the Si3 and Si4 peaks show obvious shifts towards higher energy 
after oxygen intercalation. This is consistent with the fact that √3×√3 silicene layers are 
resistant to oxidization, while the √13×√13/4×4 buffer layer possesses high reactivity to 
oxygen molecules. Note that Si-O peaks are clearly present after oxygen treatment. The 
binding energy value (101.6 eV) is lower than the peak position of SiO2-like binding energy 
(102.3 eV), indicating that the valence states of the Si-O bonds are lower than Si
4+
. Therefore, 
the silicene is not fully oxidized to SiO2, in agreement with the STM and ARPES findings. 
The intensity of the peaks related to the √13×√13/4×4 silicene layers is significantly reduced 
after the emergence of the Si-O peak. The variation in the peak intensity reveals that oxygen 
molecules prefer to react with Si atoms in the buffer layer, as demonstrated by the oxidized 
√13×√13/4×4 buffer layer with much less top √3×√3 silicene (< 0.1 ML) in the bottom panel 





Fig. 7.3 Representative Ag 3d and Si 2p core level XPS spectra of pristine and oxygen intercalated silicene 
layers grown on Ag(111). (a) Ag 3d XPS spectra for Ag(111), pristine silicene, and intercalated samples 
with different oxygen doses. (b) Si 2p core level XPS spectra of pristine and oxygen intercalated silicene 
layers grown on Ag(111). The Si1 and Si2 peaks are attributed to Si-Si bonds in √3×√3 silicene, while Si3 
and Si4 are attributed to the √13×√13/4×4 silicene buffer layer. The XPS spectra indicate that the buffer 
layer is oxidized and detached from Ag(111) in the oxygen intercalation process, while √3×√3 silicene 
retains its electronic structure after oxygen intercalation. 
7.3.3 Raman spectra of oxygen-intercalated √3×√3 silicene 
Raman spectroscopy is particularly sensitive to changes in the band gap, the in-plane bonds, 
and the strain effect associated with structural change, and thus plays an important role in the 
structural characterization of 2D materials [30-32]. The phonon modes in the pristine and 
oxygen-intercalated samples were characterized by in-situ Raman spectroscopy, as shown in 
Fig. 7.4. Since Ag(111) substrate is a metal, which does not contribute a Raman signal, the 




are thinner than the penetration depth of Raman incident light. The Raman peak at 526.3±3 
cm
-1
 is due to the doubly degenerate E2g mode [31,32] at the Brillouin zone (BZ) center Γ 
point for all silicene structures. The E2g peak of silicene is sensitive to temperature variation 
regardless of structure.  
 
Fig. 7.4 Raman spectra of √13×√13/4×4 silicene buffer layer (black), √3×√3 silicene with 0.3 ML 
coverage on √13×√13/4×4 buffer layer (pristine sample, red), and oxygen intercalated sample (blue). The 
oxidized buffer layer features a broad Raman peak at 494 cm
-1
 in the spectrum of the oxygen intercalated 
sample. 
The in-situ temperature-dependent Raman spectra of monolayer 4×4/√13×√13 buffer layer 
and √3×√3 silicene samples from liquid nitrogen temperature to 275 K are shown in Fig. 7.5. 
The E2g mode in both samples shows an obvious blue shift when the temperature is decreased. 
In contrast to the 4×4/√13×√13 structure, the √3×√3 silicene exhibits a more sensitive E2g 
mode under temperature variation from 80 K to 275 K. The D1-D5 peaks are attributed to 




silicene, and the D peak is induced by boundary defects in the 4×4/√13×√13 silicene [32]. 
After oxygen treatment, the D peak vanishes, and an additional Raman peak at 494 cm
-1
 
emerges, which indicates the formation of amorphous silicon oxide [33]. In contrast, all the 
Raman peaks assigned to the √3×√3 silicene are almost invariable after oxygen treatment. By 
scrutinizing the fingerprint E2g peak, it is found that the peak position is blue-shifted by 4 
cm
-1
 in the oxygen-intercalated sample. The shift of the Raman signal suggests that the 
tensile strain in epitaxial √3×√3 silicene is “released” towards “unstrained” free-standing 1×1 
silicene by oxygen intercalation [31,32,34].  
 
Fig. 7.5 In-situ temperature-dependent Raman spectra of (a) 0.5 ML √3×√3 silicene and (b) monolayer 
4×4/√13×√13-silicene buffer layer samples from liquid nitrogen temperature to 275 K. The insets are 
corresponding STM images of the samples. (c) and (d) are plots of the E2g peak position (cm
-1
) vs 
temperature (K) for the √3×√3 silicene and buffer layer, respectively. It is found that the E2g mode in both 




The ex-situ Raman spectra were used to examine the stability of the oxygen-intercalated 
sample exposed to ambient air. The detailed results are displayed in Fig. 7.6. We used ex-situ 
Raman spectroscopy to examine the stability of the intercalated monolayer √3×√3 silicene. 
The Raman spectra were obtained from samples exposed to ambient air for periods ranging 
from 0.5 h to 150 h. The signature Raman peak provided by bond stretching of all sp
2
 silicon 
atoms is assigned to the E2g mode (about 526 cm
-1
). The shoulder peak at lower wavenumber 
(about 460-480 cm
-1
) is attributed to the oxidized buffer layer, which has been well studied in 
our previous work
2
. The intensity of the E2g peak decreases with increasing exposure time, 
combined with an intensified signal of the SiOx peak. Importantly, the E2g peak survives in 
the Raman spectra until the sample has been exposed to ambient air for more than 150 h. 
Therefore, the oxygen-intercalated √3×√3 silicene demonstrates stability in the ambient 
environment for up to 6 days, which is much better than what was expected [18]. 
 
Fig. 7.6 Ex-situ Raman spectra of √3×√3 silicene samples that were exposed to ambient air from 0.5 hour 
to 150 hours. The E2g peak decreased in intensity as the sample was exposed to ambient air. The SiOx peak 




7.3.4 DFT calculations on the oxidation of √3×√3 silicene 
The STM, XPS, and Raman spectroscopy results suggest that the oxygen atoms are 
intercalated between the silicene layers and weaken the interaction between the top layer and 
the Ag(111) surface. This picture is confirmed by our DFT calculations on the oxidation of 
the silicene layers on the Ag(111) surface. As shown in Fig. 7.7 (a), when an O2 molecule is 
adsorbed on monolayer 4×4 silicene/Ag(111), it will spontaneously decompose into two O 
atoms, with one O atom sitting on the top of a silicon atom and the other located at the 
neighboring bridge site. The chemical dissociation of a gaseous O2 molecule on monolayer 
4×4 silicene is an exothermic process with adsorption energy of 5.474 eV. In sharp contrast, 
when an O2 molecule is adsorbed on the √3×√3 silicene layer on top of 4×4 silicene/Ag(111), 
it would not decompose after relaxation, as shown in Fig. 7.7 (b). The corresponding 
adsorption energy of only 2.84 eV is much smaller than that for the dissociative adsorption of 
O2 on the monolayer 4×4 silicene (5.474 eV), indicating the higher resistance of √3×√3 
silicene to oxidation compared with monolayer 4×4 silicene, as observed in our experimental 
results. 
It is necessary to determine the status of the buffer layer beneath √3×√3 silicene before 
simulating the interaction strength after oxygen-intercalation. We directly placed an O2 
molecule between the top √3×√3 layer and the bottom 4×4 layer in bilayer silicene [Fig. 7.7 
(c)]. Upon relaxation, O2 would spontaneously dissociate into two oxygen atoms, and the 
adsorption energy is as large as 6.36 eV, comparable to the adsorption energy of the 
uncovered buffer layer. The even larger adsorption energy for the covered buffer layer 
suggests the preference for oxidization of the covered √13×√13/4×4 silicene layer underneath 
the top √3×√3 silicene layer, as shown in the schematic diagrams in Fig. 7.8 (b). The dynamic 




intercalation depth, which is the distance from the silicene edges to the centers of the top 
√3×√3 silicene islands, increases with increasing oxygen dose. 
 
Fig. 7.7 Atomic structures of an O2 molecule adsorbed on (a) 4×4 silicene buffer layer, (b) top layer 
silicene, (c) 4×4 buffer layer underneath √3×√3 silicene. Atomic structure of silicene/SiOx/Ag(111) from 
AIMD simulation: (d) side view, (e) top view of the top layer silicene only. (f) Simulated (top) and 
experimental (bottom) high-resolution STM images of silicene/SiOx/Ag(111), showing the 1×1 silicene 
honeycomb lattice. 
To model the oxidized bilayer silicene on Ag(111) substrate, we constructed a sandwich 
structure of √3×√3 silicene/SiOx/Ag(111) [x = 1.909], as depicted in Fig. 7.7 (d). After 
relaxation, the top silicene sheet retains its hexagonal honeycomb lattice [Fig. 7.7 (e)] and 
interacts weakly with the SiOx buffer layer at an average separation of 3.09 Å. Compared to 
the interfacial binding energy (123 meV/Å
2
) between the top layer and the bottom layer of the 
pristine bilayer silicene, the binding energy (12 meV/Å
2




the SiOx buffer layer is significantly reduced by one order of magnitude after oxygen 
intercalation. As a consequence of the weakened silicene-substrate interaction, the simulated 
STM image [Fig. 7.7 (f)], based on the structural model of silicene/SiOx/Ag(111) in Fig. 7.7 
(d), coincides with the experimental one, showing the clear pattern of the 1×1 structure of the 
honeycomb lattice of silicene. Therefore, DFT calculations convincingly support the 
existence of a quasi-free-standing silicene top layer after oxygen intercalation, as conjectured 
from our experiments. 
  
 
Fig. 7.8 (a) STM topographic image of oxygen-intercalated silicene layers grown on Ag(111). The inset is 
a corrugated area on top of √3×√3 silicene due to intercalation. (b) Schematic diagrams of oxygen 
intercalation in silicene layers, in which the oxygen gas diffuses into the underlying silicene buffer layer, 
breaks the bonds at the buffer layer/Ag(111) interface, and saturates the dangling bonds (db) in the 
√13×√13/4×4 buffer layer. TL Si refers to Si in the top layer √3×√3 silicene, and BL Si refers to Si in the 




silicene buffer layer, √13×√13 and 4×4, in different domains. The insets show the detailed structures of the 
two phases in the buffer layer. (d) STM topographic image of oxidized silicene buffer layer after an 
oxygen dose of 600 L. It verifies that the buffer layer is unstable in an oxygen environment. 
 
Fig. 7.9 STM images of (a) √3×√3 silicene grown on Ag(111) surface and of the samples after oxygen 
intercalation under different oxygen doses of (b) 300 L, (c) 1200 L, (d) 1800 L, and (e) 2400 L (100 
nm×100 nm, V = 1.2 V, I = 50 pA). (g) Intercalation depth (nm) as a function of oxygen dose in 
intercalated silicene samples. (h) Intercalated area ratio (%) as a function of oxygen dose in intercalated 




7.3.5 ARPES spectra on pristine silicene and oxygen intercalated silicone 
Apart from the structural aspect, oxygen intercalation has a remarkable impact on the 
electronic structure of silicene layers. Figure 7.10 shows the electronic band structures 
measured by ARPES on pristine silicene and oxygen intercalated silicene grown on Ag(111). 
As a reference, the electronic band structure of the clean Ag(111) surface is also shown in Fig. 
7.10 (a), where the SSS at the BZ center (Γ point) and the bulk Ag sp-band are indicated. 
When √3×√3 silicene was grown, we observed two faint linear dispersed bands crossing at 
the Γ point, as shown in Fig. 7.10 (b). Constant-energy cuts of the spectral function at 
different binding energies verify that both bands originate from a Dirac cone structure, as 
shown in Fig. 7.10 (e), which can be assigned to the linear π and π
*
 states of √3×√3 silicene 
[17,35]. The Dirac point (DP) is located at about 0.33 eV below the Fermi level (EF) due to 
electron doping from the Ag(111) substrate [36]. 
Figure 7.10 (c) and (d) present the electronic band structures after oxygen intercalation under 
different doses of oxygen (600 L and 1200 L) at 200 
˚
C, as measured by ARPES with higher 
energy and momentum resolutions. One can clearly see that two single Dirac cones meet at 
the DP, which is located at about −0.28 eV and −0.26 eV for the samples exposed to oxygen 
doses of 600 L and 1200 L, respectively. The characteristic “Δ”-shaped bands at a deep 
energy level (below -0.7 eV), which were attributed to the hybridization between interface Si 
pz orbitals and Ag d orbitals in the pristine sample [9,10], are smeared or vanish after oxygen 
intercalation. The typical bulk sp-band of Ag across the Fermi level at k = 1.15 Å
-1
 appeared 
in the ARPES results after oxygen intercalation, as shwn in Fig. 7.11. It indicates that this 
band remains stable upon Si deposition as well as oxygen intercalation. A new state 
corresponding to silicon oxide appears in the oxygen intercalated silicene at a deep energy 




obvious in the ARPES feature for the oxygen-intercalated sample after an oxygen dose of 
1200 L, as shown in Fig. 7.10 (d). 
 
Fig. 7.10 Energy vs. k dispersion measured by ARPES for (a) clean Ag(111) surface, (b) as-grown √3×√3 
silicene formed on buffer layer, (c) oxygen intercalated silicene with oxygen dose of 600 L, and (d) 
intercalated silicene with oxygen dose of 1200 L, respectively. The Shockley surface state (SSS) and the sp 
band in (a) are attributed to the Ag(111) substrate. The Dirac point in (b)-(d) is lifted up with increased 
oxygen dose from 0 L to 1200 L, indicating less electron doping from the Ag(111) substrate due to oxygen 
intercalation. (e) ARPES energy cuts reveal a Dirac cone structure in pristine silicene. (f) Schematic view 
of shifting of Dirac cone due to oxygen intercalation in ARPES measurement. 
The corresponding positions of the ARPES cuts are illustrated in Fig. 7.11 (d). The positions 
of the Dirac cone, the Ag sp band, and the Brillouin zones of √3×√3 silicene and Ag(111) are 
illustrated as well. We did not observe the SSS of the Ag(111) substrate in the oxygen 




oxidized 4×4/√13×√13-silicene buffer layer. The SSS can be easily modulated or destroyed 
by surface adsorbates. In the oxidized 4×4/√13×√13-silicene buffer layer sample, the 
remaining Ag(111) surface is large enough to support the existence of the SSS band, although 
its intensity is much lower than that of the SSS on a clean Ag(111) surface. In contrast, only a 
very limited amount of Ag(111) surface (less than one third of the total area) was exposed in 
the oxygen intercalated √3×√3 silicene, because √3×√3 silicene is not crumpled at all by 
oxygen intercalation. In other words, most of the Ag(111) surface was covered by 
quasi-free-standing silicene after oxygen intercalation. Therefore, the SSS of the Ag(111) 
surface in oxygen intercalated samples is most likely destroyed by √3×√3 silicene. Although 
we did not observe the SSS state in Ag(111), a clear Ag sp-state can be seen in ARPES Cut 2 
and Cut 3 in Fig. 7.11 (b) and (c), respectively. Note that the sp band is a bulk state of the 
Ag(111) substrate. Its existence in ARPES is not determined by the cleanliness of the surface. 
 
Fig. 7.11 Energy vs. k dispersion measured by ARPES for oxygen intercalated √3×√3 silicene under 




√3×√3 silicene, (b) and (c) bulk sp-band of Ag(111) substrate. (d) Schematic diagram of BZ for √3×√3 
silicene grown on Ag(111): blue and red honeycomb structures correspond to Ag(111) and √3×√3 silicene, 
respectively. Positions of three ARPES cuts, Dirac cone, and Ag sp-state are respectively indicated. 
The ARPES results reveal that the electronic structures of epitaxial silicene are modulated by 
chemical adsorption. In the initial intercalation stage, the chemical interaction between the 
buffer-layer silicene and the Ag substrate is broken by the oxygen atoms. The Si-Ag 
hybridized state in the silicene/Ag(111) system is replaced by electronic states attributable to 
the Si-O bonds. As the oxygen dose increases, the oxidized 4×4/√13×√13 buffer layer 
contributes more states at the deep level (below -0.6 eV). Meanwhile, the DP is pushed up 
towards the Fermi level, because the oxidized buffer layer acts as a dielectric barrier and 
lowers the electron doping in the top √3×√3 silicene layer, as shown in Fig. 7.10 (f). 
Interestingly, the thickness of the oxidized buffer layer is increased when the oxygen dose is 
increased. In other words, the dielectric barrier will become thicker with an oxygen dose. 
Consequently, the doping level should be lower in the intercalated silicene with a higher 
oxygen dose. This agrees well with our ARPES results, in which 1200 L-oxygen-intercalated 
silicene has the Dirac point at 0.26 eV below the Fermi level while 600 L-oxygen intercalated 
silicene has its Dirac point at 0.28 eV below the Fermi level.  
The weakened doping effect from the substrate on the silicene’s electronic structure is also 
observed in the STS results, as shown in Fig. 7.12. For each intercalation stage, we carefully 
investigated the morphology and electronic structures of the intercalated silicene. It was 
found that the buffer layer is easily oxidized, as described in above. Nevertheless, all the 
√3×√3 silicene layers show a high resistance to oxidation, even under an oxygen dose of 
2400 L, whereas no adsorbate could be identified on the √3×√3 silicene surface. Obvious 
intercalation occurred when the oxygen dose was increased above 600 L. The intercalated 




indicated by the yellow arrows in Fig. 7.9 (c)-(e). For all the samples, it is clearly shown that 
the oxygen intercalation starts at the edge of the silicene. It is proposed that oxygen 
molecules then diffuse from the edge towards the center of the silicene bilayer region, 
because the intercalation depth (which is the distance from the silicene edge to the end of the 
intercalation area) is increased with increasing oxygen dose. The intercalation depth as a 
function of oxygen dose has been plotted in Fig. 7.9 (g). The intercalated area is 
correspondingly increased when the oxygen dose is increased, as shown in Fig. 7.9 (h). It 
should be noted that the intercalation only occurs at the interface between the buffer layer and 
the first √3×√3 silicene layer, in agreement with our model for intercalation, which is caused 
by the oxygen diffusion from the uncovered buffer layer to the region beneath the √3×√3 
silicene. STM characterization of the oxygen-intercalated area on the silicene shows the 
dynamic process of oxygen intercalation. 
We then characterized the electronic structures in oxygen intercalated silicene, in particular 
with respect to the doping level, by using STS techniques. We collected the spectra along a 
line crossing the pristine and intercalated areas on the sample, as indicated in Fig. 7.12 (a). It 
was found that the signature peak at about -0.9 eV in the pristine area shows an obvious shift 
to -0.75 eV in the intercalated area [Fig. 7.12 (b)]. The peak shift demonstrates that the 
electron doping is depressed due to oxygen intercalation, which agrees well with our ARPES 
results in the main text. In addition, the peak intensity is also decreased for the peak obtained 
in the intercalated area. In a previous study, this peak was attributed to a flat band in silicene 
[37]. This band, which is sensitive to the underlying defects in silicene, is expected to reflect 
the interlayer interaction in epitaxial silicene. Thus, the depression of the intensity of this 
peak also indicates the weakened interaction between the √3×√3 silicene and the sublayers.  




easily oxidized under oxygen atmosphere, even under a small oxygen dose; (2) all the √3×√3 
silicene layers show a high resistance to oxygen and retain their ordered lattice structure 
under oxygen doses up to 2400 L; and (3) the interaction between √3×√3 silicene and the 
sublayers is weakened by oxygen intercalation, leading to the depression of electron doping 
from the silver substrate. 
Based on the ARPES results, the Fermi velocity is estimated to be about (4.4 ± 0.2)×10
5
 m/s 
for the pristine sample, although it decreases to about (3.9 ± 0.5)×10
5
 m/s and (3.4 ± 0.5)×10
5
 
m/s for the 600 L-oxygen and 1200 L-oxygen intercalated silicene, respectively. In the 
intercalated silicene, the tensile strain is released, which modifies the hopping parameters and 
decreases the mobility of electrons [38]. Consequently, the Fermi velocity is expected to be 
lower in freestanding silicene than in epitaxial silicene. The observed decrease in the Fermi 
velocity is most likely attributable to the oxygen intercalation process. The Fermi velocity is 
almost half that of graphene, regardless of oxidation, excluding the possibility of the S1 
surface state of √3×√3-Ag, in which the Fermi velocity is close to that of graphene [39-41]. 
The ARPES measurements indicate that the √3×√3 silicene layer possesses a high resistance 
to oxidation and that its Dirac cone structure is robust during oxygen intercalation. The DFT 
band structure calculations based on the structural model of silicene/SiOx/Ag [Fig. 7.7 (d)] 
also show the existence of the characteristic Dirac cone of quasi-free-standing silicene around 
the Fermi level (Fig. 7.11). Finally, our results suggest that the insulating SiOx buffer layer 
provides a barrier for electric gating that can be directly used in FETs. This is significant for 





Fig. 7.12 STS in intercalated and pristine areas of √3×√3 silicene. (a) Topography of partially intercalated 
√3×√3 silicene layer, in which the top left area shows a higher apparent height due to oxygen intercalation 
(30 nm × 30 nm, V = -1.0 V, I =50 pA). (b) Spatial dependence of tunnelling spectra along the line from 
the intercalated area to the pristine area that is marked by the white dots in (a) (V = -1.2 V, I = 50 pA, 
Amodulation = 20 mV, fmodulation = 937 Hz). The red arrows in (b) indicate the peaks attributable to the flat 
band state in √3×√3 silicene. 
 
7.4 Summary 
In summary, we have demonstrated an effective method to make epitaxial silicene 
quasi-free-standing from Ag(111) substrate by oxygen intercalation. The highly reactive 
√13×√13 and 4×4 silicene interfacial layers can be fully oxidized, resulting in decoupling of 
the top silicon atoms from the Ag substrate. Meanwhile, the top √3×√3 silicene layer shows 
chemical resistance to oxygen, which ensures retention of the honeycomb structure and the 
characteristic massless Dirac fermions after oxygen intercalation. Moreover, the oxidized 




electric gating purposes in silicene-based FET devices. 
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15 CHAPERTER 8 
16 CONCLUSIONS AND RECOMMENDATIONS 
8.1 Conclusions. 
The influence of substrate temperature and coverage level on growth dynamic mechanism for 
silicene is investigated. Defects in the √13×√13 phase are evoked by both the grain 
boundaries between different phases and the low coverage. Deficiencies of atoms in the top 
layer form the defects in the 4×4 phase, which may be induced by the great number of atoms 
in the top layer and the weak bonds between the top layer atoms and the silver atoms in 
substrate. The lattice mismatch between the silicene and the substrate induces the breakages 
and distortions in the dark part of the moiré pattern in the 2√3×2√3 phase. Our results imply 
that the growth mechanism of silicene is under the SK mode, providing a better understand 
the complex thermodynamics and kinetics at the core of silicene formation, and a route 
towards fabricating novel nanostructures for application in the microelectronics industry. 
Silicene layers with different structures and coverage have been fabricated, and identified by 
in situ UHV Raman spectroscopy and STM. The intrinsic phonon modes for different silicene 
structures are identified. We found that EPC strength in silicene could be significantly 
enhanced due to the lattice mismatch between silicene layers and the substrate. The Raman 
spectroscopy demonstrates the effects of coverage, strain, charge doping, and defects on 
silicene’s phonon modes, and allows unambiguous, high-throughput, nondestructive 
identification of epitaxial silicene. 
An electronic band gap in monolayer silicene on the Ag(111) substrate was produced by 
oxidation, verified by STM combined with in-situ Raman spectroscopy studies. O
d
 is the 




three silicene superstructures. The different buckled structures lead to different heights of 
oxygen adatoms on the silicene. The sized of band gap could be modulated from semimetallic 
to semiconducting type, which can overcome the zero-gap disadvantage of silicene. In fully 
oxidized silicene, the buckled silicene structure vanishes, with subsequent crumpling of the 
sample as well as exposure of bare Ag(111) surface areas. 
The oxidation effects on the structure and electronic properties of 4×4 silicene on Ag(111) 
are investigated. After oxidation, the silicene oxide exhibits an amorphous structure with a 
semiconductor-like band structure. By combining DFT calculations and ARPES results, it is 
proved that the 2D metallic surface state in 4×4 silicene on Ag(111) is ascribed to 
hybridization of Si pz and Ag 3d states. The hybridization is broken and the Ag(111) 
Shockley surface state could be revived after silicene is oxidized. This surface band 
demonstrates high chemical activity, facilitating chemical functionalization of silicene layers. 
An effective method to make epitaxial silicene quasi-free-standing from Ag(111) substrate by 
oxygen intercalation is proposed. The highly reactive √13×√13 and 4×4 silicene interfacial 
layers can be fully oxidized, resulting in decoupling of the top silicon atoms from the Ag 
substrate. Meanwhile, the top √3×√3 silicene layer shows chemical resistance to oxygen, 
which ensures retention of the honeycomb structure and the characteristic massless Dirac 
fermions after oxygen intercalation. Moreover, the oxidized √13×√13/4×4 silicene buffer 
layer (SiOx) is expected to serve as an ideal dielectric layer for electric gating purposes in 
silicene-based FET devices. 
 
8.2 Recommendations. 




should be performed. √3×√3 silicene grown on Ag(111) shares structural similarities with 
Si(111)-(√3×√3)-Ag surface, which leads recent arguments on whether STM-observed √3×√3 
silicene would be Si(111)-(√3×√3)-Ag reconstruction or not. This issue is crucial for the 
future development of this material. Thus, the comprehensive supplementary works on 
Si(111)-(√3×√3)-Ag samples in addition to the √3×√3 silicene on Ag(111) are required. 
2. More vibrational modes are induced by various edge arrangements in silicene Raman 
spectroscopy, consisting well with the emergency of D1–D5 peaks. The edge-induced Raman 
peaks reflect the unique buckled characteristic in silicene. However, distinguishing the origin 
of these peaks is still need to be clarified to futher functionizing this material. Tip-enhanced 
Raman spectroscopy is likely to advance insights into the edge effects on phonon modes in 
this low-buckled 2D material. 
3. Transport measurement on the epitaxial is desired to confirm its Dirac fermion 
characteristics. The high resisitivity of √3×√3 proved by our works enhances the possibility 
of the ex-situ measurements. The realization of free-standing silicene will be the next aim to 
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